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(54) TItic: APPARATUS AND METHOD FOR PERFORMING MICROFLUIDIC MANIPULATIONS FOR CHEMICAL ANALYSIS 
AND SYNTHESIS 



(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography are peifomied in channels (26, 28, 
30. 32. 34. 36, 38) formed in die substrate. Analytes 
are loaded into a four-way intersection of channels by 
eiectrokinetically pumping the analyte through die in- 
tersection (40), followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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Deacription 

APPARATUS AND METHOD FOR PERFORMING MICROFLUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

This invention was made wHh Government support under contract 
DErACd5*S4OR2140O awarded by the US. Department of EnerBV ^ Martin Marietta 
Energy Systems, Inc. and the Government has certain rights in this invention. 

10 FieM of the invention 

The present invention relates generally to miniature tnstnimentation for 
chemical analysis, chemical sensmg and synthesis and, more spcdfioiUy, to electrically 
controlled madpulations of fluids in micromachincd channels. These manipulations can 
be used in a variety of applications, including the electrically controlled manipulation of 

15 fkiid for capillary electrophoresis, liquid diromatography. flow injection analysis, and 
chemical reaction and eynthcsis. 

Badcground of the invention 

Laboratory analyds is a cumbersome process. Acquisition of chemical 
20 and biochemical information requires expensive equipment, spcdaliied labs and highly 
Uained personnel For this reason, laboratory testing is done in only a fiaction of 
circumstances where acquisition of chemical information would be useful A laige 
proportion of testing in both researdi and clinical riluatlons is done with cnide manual 
methods that are characterized by high labor costs, high reagent consumption, long 
25 turnaround times, relative imprecision and poor reprodudbilit>-. The practice of 
teehiuques such as electrophoresis that arc m widespread use in biology and medical 
laboratories have not changed significantly in thhty years. 

Operations that arc performed in typical laboratory processes include 
specimen preparation, chemical/biochemical conversions, sample fractionarion. signal 
30 detection and data processing. To accomplish these tasks, fiquids are often measured 
and dispensed with volumetric accuracy, maed together, and subjected to one or several 
different physical or chemical enwonments thai accomplish conversion or fracdonation. 
In research, diagnostic, or development situations, these operations are carried out on a 
macroscopic scale using fluid volumes in the range of a few mtcrofiters to several Bters 
35 at a time. Individual operations are pciformcd in series, often uskg different specialized 
equipment and instrumente for separate steps in the oiocess. Complications, difficulty 
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and expense are often the result of operations invoWing multiple laboratory procesang 
steps. 

Many workers have attempted to solve these problems by creating 
tntegntted laboratoiy systems. Conventional robotic devices have been adapted to 

S perform ptpettlng. specimen handliog, solution mixing, as weli as some fractionation and 
detection operations. However, these devices are highly complicated, very expensive 
and their operation requires so much tranung diat thdr use has been reacted to a 
relatively small number of research and devdopment programs. More successfid have 
been automated clinical diagnostic systems for rapidly and inexpenuvdy performing a 

10 small number of applications such as clinical dicmistry tests for blood levds of glucose, 
electrolytes and gases. Unfortunately due to thdr complexity, large 5':ze and great cost, 
such equipment, is limited in its application to a small number of diagnostic 
circumstances. 

The desirability of exploiting the advantages of integrated systems in a 
IS broader context of laboratoiy applications has led to proposals that such systems be 
miniaturized. In the 1980*s, considerable research and devdopment eflfort was put into 
an exploration of the concept of Uosensors whh the hope they might fill the need. Sudi 
devices make use of sdective chemical systems or biomoleculea that are coupled to new 
methods of detection sudi as dectrochemistry and optics to transduce chenucal agnals 
20 to dectncal ones thiat can be interpreted by computers and other signal processing units. 
Unfortunatdy^ biosensors have been a commerdal disappointment. Fewer than 20 
commerdalized products were available in 1993, accounting for revenues in the U.S. of 
less than SI 00 million. Most observers agree that this fiiihire is priruuily technological 
rather than reflecting a misimerpretation of market potential. In (act, many situations 
25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistiy to nunimize costly reagent consumption and waste generation, and 
boddde or doctor's office diagnostics would greatly benefit from miniature integrated 
laboratoiy systems. 

In the early \99V%, people began to discuss the possibility of creating 
30 nuniature versions of conventional technology. Andreas Manz was one of the first to 
articulate the idea in the scientific press. Calling them "mimaturized total analysis 
systems " or "^m-TAS,** he predicted that it would be pos^le to integrate into single 
units microscopic vcrrions of the various dements neccssaiy to process chemical or 
Uochemical samples, thereby achieving automated experimentation. Since that time, 
35 miniature components have appeared^ particularly molecular separation methods and 
microvalvcs. However, attempts to combine these ^tcms into completdy integrated 



W096AMS47 



3 



PCT/US9SA19492 



10 



^stonsteve not aict«ih success. Tto » priimrUy bcc«ise pn«5e nuuup^ 
^ fluid vohm«« in extmndy luuiw ch-mds h« pn^ 

One proinlaeftt fidd wseeptible to miniaturization is capiHaiy 
deetioplioresis. CapiUiiyelectfophoicsis has become a popular technique for ^ 
diaiB«i molecular spedes in sohiUon. The technique i. pafenned in small capiHaiy 
tubes to leduce band broadening cffiKU due to thennid convtxtion and hence to^^ 

resolving power. The smaB tubes imply that minute volumes of matenals. on the order 
of nanoliters. must be handled to inject the sample into the separation capiBaiy tube. 

Current techniques for iiyection include dectromigratioii and 5iphonii« of 
sample fioni* container too a continuous scparafionlube. Both of these techniques 
«f&r fom re!ath«ly poor lepiodudbiUty. and dectiomigrBtion ad*^^^^^ 
dectrophoretic moWlity*ased bias. For both sampling techniques the input end of the 
uudysis capillaiy lube must be transferred from a buffer reservoir to a reservoir holdmg 
15 the sample. Thus, a mechanical manipulation is invoWed. For the siphoning mjection. 
the sample reservoir fa raised above the buftr reservoir holding the exii end of the 
capillary for a fixed length of time. 

An dectromigration injection is dfccted by applying an appropnatdy 
polarized dectrical potemld across the capillary tube for a given duration while fte 
entrance end of the capinaiy is in the sample reservoir. This can lead to samplmg b«s 
because a disproportionatdy torgcr quantity of the spedes with higher dectrophorettc 
mobnitiesimBrrtetoothetube. The capillary Unloved from the sample reservoir and 
replaced into (he entrance buffer «seivoir after the injection duration for both 

A contimiing need exists for methods and apparatuses whidi lead to 
improved dectrophoretic resohrtion and improved injection stabiUty. 

Slimr-rY p„^„ ^chip laboratory systems and 

30 method.fluttiaiowcomitobiod«mlcdandd.emicdprocedurestobeconduct^ 
,ricrodup umler electronic control. The microd,ip Uboratory sy^ compr»esj 
materW handling apparatus that transports materials through a system of 
^cddumLsonamicrodup. ThenK,vcmentofthematerids.prec«elyd.ed^ 
I^trolfir^thedectricfiddsproducedint^ The prec«e control 

35 the movement of such malerids enrf^lcs precise mixing. sep«atio,u and re^uon as 
needed to implement a desired blod»emicd or chemical procedure. 
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The microchip laboretoiy ^stein of the present invemtoo analyzes and/or 
synthesiies chemical materials fat « piedse and raproducible manrtf. The systam 
mdudes a bod^ having integrated channds connecdiig a phiraOiy of reser^ 
Hm diemlcal materials used in tfie cheoueal analysis or qmlheas performed by the 

5 ^stem. In one aspect, at least five of the iBsorvoIrt simultaneously have a controUcd 
fdectrical potential, such that material from at least one of the reservoirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channds prowdes exposure to one or more selected diemical or 
physical environments, thereby resulting in the qmthesis or analysis of the chemical 

10 material. 

The microddp laboratory system preferably also includes one or more 
intersections of integrated channds connecting three or more of As resovoirs. The 
laboratory system controls the dectric fidds produced in the channels ui a manner that 
controls which materials in the reservoirs art transported through the interseclion(s). In 
15 one endiOdiment, the microchip laboratory system acts as a mixer or dilutcr that 
combines materials in the intersection(s) by produdng »n decirical potential in the 
intersection that is less than the dectrical potential at each of the two reserwrirs from 
which the materials to be nuxed originate. Altenutivdy, the laboratory ««tem can act 
as a dispenser that dectroWneticany iryocts predse, controlled amounts of material 
20 through the interscction(s), 

By simultaneously applying an dectrical potential at each of at least five 
reservors, the microclup laboratory system can act as a complete system for performing 
an entire chemical analyas or syntheas. The five or more reservoirs can be configured m 
8 manner (tax enables the dcctroWnctic separation of a sample to be analyzed (^the 
25 analyte") wMch is then nwced with a reagent fit>ro a reagent reservoir. Alternatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resulting from tiie reaction can be deciroldncticaUy sepaiatci As such, the use 
of five or.more reservoirs provides an mtegrated laboratory system that can perform 
virtually any chemical analysis or qfnthesis. 
30 In yet another aspect of the mvention. the miaocWp laboratory system 

indudes a douMe intersection formed by channds interconnecting at least six reservoirs. 
The first intersection can be used to mject a predsdy sized analyte plug tato a separation 
duumd toward a waste reservoir. The dectrical potential at Uie second intersection can 
be sdected in a manner that provides additional control over Uie size of the analyte phig. 
35 In addition, the dectrical potentials can be controfled in a manner that transports 
materials from the fifth and sixth reservoirs tiuough the second mlmection toward the 
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first Intencction and towart the fourth feseivoir 

the first tmenection is transported through the Mcond intenectlon toward the fourth 
reseivoif. Such contid can be used to push the analytepUig&rther down the leparati 
diannd whileenABngaieeomlinalytephig to be ngected through 

5 In another aqiect, the oucrodup laboratory system acts u a imcrodup 

flow control aystem to control the flow of material through an mtersectbn formed by 
ifltegiBted channels connecting at least four reservoirs. The miauchip flow control 
system simultaneously applies a conUoBed electrical potential to at least three of the 
Kservoirs luch that the volume of material ttansported from the firrt reservoir to a 

10 second reservoir through the intersection U selectwdy controUed solely by the 
movement of a material from a third reservoir through the intersection. Preferably, the 
material moved through the third reservoir to sdectWely control the material transported 
from the first reservoir is directed toward the same second reservoir as the material fr^^ 

the first reservoir. As such, the microchip flow control system acts as a valve or a gate 
15 that selectively controls the vohmie of material transported through the intersection. 

The microchip flow control system can also be configured to act as a dispenser that 

prevems the first material from moving through the intersection towwd the second 

reservoir after a selected vohime of the first material has passed through the intersection. 

Ahematively. the microdup flow control system can be configured to act as a dihxter 
20 that mixes the first and second materials m the intersection in • mamier that 

simultamsously tnmsports the first and second materials from the intersection toward the 

second reservoir. 

Other objects, advantages and salient fixtures of the invention wUl 
become apparent from the following detailed description, which taken in conjunction 
25 vrith the am>exed drawings, disdosesprefciiedemboduncnw 

B ripf neserintion of the Drawing 

Figure I is a sehemafic view of a preferred embodbnent of the present 

invention; 

3Q Figure 2 is an crJarged, vertical sectional view ofacliannd shown; 

Figure 3 is * schematic top view of a microchip according to a second 

preferred embotent of the present invention; 

Figure 4 is an enlarged view of the intersection regbn of Figure 3; 
Figure 5 are CCD images of a plug of analyte moving through the 
35 intersection of the Figure 30 embodiment; 
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Figure 6 is a schematic top view of a nuaochip laboratory system 
according to a thW prtfencd embodiment of a idcrodup accordiiifi to the present 
, inventioii; 

Figure 7 is a CCD im^B^ of "sample loading mode fitr rhodatmne B" 

S (shaded area); 

Figure 8(a) is a schematic view of the intersccdon area of the microdnp 
of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depicted 
in Figure 8(a), after sample loading in the pinched mode; 
10 F&gure 8(c) is a photomicrograph taken of the same area depicted m 

Figure B(a), after sample loading in the floating mode; 

Kgure 9 shows integrated fiuorescotce signals for iiyected volume 
plotted versus time for fnnched and floating injections; 

Figure 10 is a schematic^ top view of a nucrocfaip according to a fourth 
15 prefened embodiment ofihc present invention; 

Figure 11 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratoiy system 
accorcfing to a fifth prefeired embodiment according to the prescm tn\*enuon; 

Figure 13(a) is a schematic view of a CCD camera wcw of the 
20 intersection area of the nucrochip laboratoiy system of Figure 12; 

Figure 13(b) is a CCD fluorescence inuige taken of the same area 
depicted in Figure 13(aX after sample loading in the pinched mode; 

Figures 13(c>13(e) are CCD fluorescence images taken of the same area 
depicted in Figure 13(aX sequentially showing a plug of analyte moving away fiom the 
25 channel intersection at 1, 2, and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyl-lysine injected for 2s 
with Y equal to 0.97 and 9.7; 

Figure IS are electropherograms taken at (a) 3.3 cm. (b) 9.9 cm, and 
(c) 16.S cm from the point of injection for rhodamine B Cess retained) and 
30 suIfi)rbodandne(tnoreTetaine(0; 

Figure 16 is a plot of the efficiency data generated from the 
dectropherograms of Figure 15, showing variation of the plate nurnber wlh.. channel 
length for rhodanune B (square with plus) and sulforhodamine (square with plus) and 
sulforhodamine (square with dot) with best finear fit (solid I'mcs) for each analyte; 
35 Figure 17(a) is an elcclrophcrogram of rhodamine B and fluorescein with 

a separation Add strength of 1.5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is an dechX)phcrogran of riiodaminc B and fluorescein wilb 
a sq»aration fidd strength of l.S kV/on and a sqiaration 

Figure 17(c) is an dcctrophcrognun of ihodaminc B and fluorescdn with 
a separation fidd strength of I S kV/cm and a separation length of 1 1.1 tnm; 
S Figure 18 is a graph showing variation of the number of plates per unit 

time as a fimction of the electric fidd strength for ihodaminc B at separation lengths of 
1.6 mm (ciide) and 11.1 mm (square) and for fluorescdn at separstton lengths of 1.6 
mm (diamond) and 1 LI mm (triangle); 

Figure 19 shows a chromatogiam of coumarins analyzed by 

10 dectrochromatography u^ng flie system of Figure 12; 

Figure 20 shows t chromatogram of coumarins resulting from micdlar 
dectrokinetic capillaiy chromatography using the system of Figure 1 2 ; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 
system of Figure 12; 

15 Figure22isaschematic, topplan viewofamxcnjchipaoxirdingtothe 

Figure 3 embodiment, additionally indudii« a reagent reservoir and reaction channd; 

Figure 23 is a schematic view of the embodment of Figure 20, showii^ 
appGed voltages; 

Figure 24 shows two electropherograms produced using the figure 22 

20 embodiment 

Figure 25 is a schematic view of a microchip laboralory system according 
to a sbclh prefiwTcd embodiment of the present invention; 

Figure 26 shows the reprodudbility of the amount injected for arg^ 
and glydne using the system of Figure 2S; 
25 Figure 27 shows the overiay of three dectrophoretic separations u^ng 

the system of Figure 2S; 

Figure 28 shows a plot of amounU injected versus reaction time using the 

system ofFigure 25; 

Figure 29 shows an dcctrophcrograra of restriction fragments produced 

30 using the system ofFigure 25; 

Figure 30 is a schematic view of a microchip laboratocy system accordmg 
to a seventh preferred embodiment of the present mvention. 

Figure 31 IS a schematic view of the apparatus of Figure 21, showing 
sequential appUaitions of voUagps to cflfect desired fluicfic manipubtions; and 
35 Figure 32 is a graph showing the different voltages appfied to effcrt the 

fluidic manipulations ofFigure 23. 
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Prtailcd Des<ffiptiOT of thy Invfintion 

Integrated, micrO'labonrtofy systems for malyzinj or synthesizing 
chemicals require a precise way of manipulating fluids and fiuid-bcne material and 

S subjecting the fluids to selected chemical or physical enviroomcnts ttiat pxx>duce dcarcd 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detectk>ni diflbsion times 
and manu&cturing methods for creating devices on a nucroscopic scale, nuniature 
integrated nucro-laboratoiy systems lend themsdves to channels hB*/ing Amensions on 

10 the order of 1 to 100 micrometers in diameter. Within this oootcxt, electiokinetic 
puitq)ing has proven to be versatile and effective in transpctting materials in 
microfibricated laboratory systems. 

The present invention provides the tools necessary to make use of 
electrokinetic pumping not only in separations, but also to perform liquid handling that 

IS aocomplishea other important smiple processing steps, such as chemica] conversions or 
sample partitioning. By simultaneoudy controlling voltage at a plurality of ports 
connected by diannels in a nucrochip structure it is possible to measure and dispense 
fluids VMth great precision, mix reagents, incubate reaction com|ionents, direct the 
components towards sites of phyacal or biochemical partition, and subject the 

20 components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 
analyzing or synthesimg chemicals. 

Such integrated micro-laboratory ^stems can be made up of several 
component dements. Component dements can include fiqiud disper.sing systems, liquid 

2S mbdng ^ems, molecular partition ^tcms, detector sights, eic. For example, as 
described herdn, one can construct a rdativdy oom|dcte system for the identification of 
restriction endonudease sites in a DNA molecule. Ttus single micro&bricated device 
thus indudes in a single system the fiinctions that are trsditionally performed by a 
tcchnidan employing pipettors, incubators, gd dectrophoresis systems, and data 

30 acquisition systems. In this system, DNA is mbced with an enzyme, the nuxture is 
incubated, and a sdected volume of the reaction mbcture is dispensed into a separation 
channd. Electrophoresis is conducted concurrent with fluorescent labeling of the DNA. 

Shown in Figure I is an example of a microchip laboratory system 10 
configured to implement an entire dienacd analysis or synthe»s. The kboratory syAan 

35 10 indudes dx reservoirs 12, 14« 16, 18, 20, and 22 connected to eaf:h other by a system 
of channds 24 mtcromadiined into a substrate or base member (not shown in Fig. 1\ as 
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discutsed in more detaS bdow. Each tcsefvoir 12-22 is in fluid communicatton vMx a 
corresponding channd 26. 28, 30, 32. 34, 36. and 38 of the channdsys^ Thefirst 
channel 26 leading finom the first reservoir 12 is connected to the second channel 28 
leading from the second reservoh: 14 at a first intersection 38. Likevrise, the third 
5 channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first 'mtcrsectton 38 is connected to the second intersection 40 by a 
reaction chaniber or cfaamid .42. The fifth channd 34 from the fifth reaervdr 20 is also 
connected to the second interaection 40 such that the second intersection 40 is a ft)ur* 
way intersedion of channds 30, 32, 34, and 42. The fifth channel 34 also intersects the 
10 sxth diannel 36 from the sixth reservoir 22 at a third intersection 44 

The materials stored in the rescrvc^rs preferahiy are transported 
electrokinetically through the channel system 24 in order to implement the desired 
analysis or synthesis. To provide such eiectrokinetic transport, the laboratory system 10 
includes a voltage controller 46 capable of applyii^ selectable voltaige levels, including 
15 ground. Such a voltage controller can be implemented using multiple voltage dhnders 
and multiple relays to obtain the selectable vohage levds. The voltage controller is 
connected to an electrode portioned in each of the six reservoirs 12-22 by voltage lines 
V1-V6 in order to apply the desired voltages to the materials in the reservoirs. 
Prcferablyp the vohage controller also includes sensor channels SI, SZ, and S3 connected 
20 to the first, second, and tWrd mtersections 38, 40, 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of eiectrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pump'mg mechanism for bqvnd diromatograplqr The prissent invention also 
25 entails the use of electroosmotic flow to nux various fluids in a controlled and 
rqirodudble fiuhion. When an ^propriate fluid is placed in a tube made of a 
coa^spondin^y appropriate material, fimctional groups at the surface of the tube can 
bnizc. In the case of tubing materials that are temiinated in hydrcxyl groups, protons 
will leave the sur&ce and enter an aqueoua soWcnt. Under such conditions the surftce 
30 vAl have a net negative charge and the solvent will have an excess of poative charges, 
mostly in the charged double layer at the sur&ce. With the application of an doctric 
fidd across the tube, the excess cations in solution will be attracte^J to the cathode, or 
Amative electrode. The movement ofthese positive charges through the tube wiU drag 
the solvent with them. The steady sutevdodty is given by equation 1, 
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where v is the solvent velocity, e is the didectric constant of the fhitd, ^ is the zeu 
potendal of the suifiioe. E is the dectric fidd sticqglh, tnd ic is the aohrent visco^ty. 
From equadon I it is obvious that the flxnd flow vdodty or flow rate can be controlled 
S through the dectric fidd strength. Thus, dectroosmons can be used a^ a programmable 
pumping mechanism. 

The laboratoiy microchip system 10 shown in Figure 1 could be used for 
perfomung numerous types of laboratory analysis or synthesis, such as DNA sequcndng 
or analyds. dectrochromatography, micdlar dectrblunetic capillary chromatognvhy 
10 (MECC), inorganic ion analyas, and gradient dution liquid chronuitogrBphy, as 
discussed in more detail bdow. The fifth diannd 34 typically is used for dectrophoretic 
or dectrochromatographic 8q)aratiQns and thus may be referred to in certain 
embodiments as a separation channd or column. The reaction chamber 42 can be used 
to mix any two chemicals stored in the first and second reservoirs 12, 14. For example, 
IS DNA fi-om the first reservoir 12 could be mbced with an enzyme fium the second 
reservoir 14 in the first mtersection 38 and the mbdure could be incuteied in the reaction 
chamber 42. The mcubated nuxture could then be transported through the second 
intersection 40 mto the separation column 34 for sq>aration. The «xih reservoir 22 can 
be used to store a fluorescent labd that is mixed in the tlvrd intersection 44 with the 
20 materials separated ta the separation column 34. An appropriate dctcaor (D) could then 
be employed to analyze the labeled materials between the third intersection 44 and the 
fifth reservoir 20. By providing for a pre-separation cohimn reaction in the first 
intersection 38 and reaction chanibcr 42 and a post-sepaiation cohjnui reaction in the 
third intersection 44, the taboratory system 10 can be used to implement marqr standard 
25 laboratory techniques normdly implemented manually in a conventicmal laboratory. In 
adcfition, the dements of the laboratory system 10 could be used to build a more 
complex system to solve more complex laboratoiy procedures. 

The laboratory microdiip ^stem 10 includes a substrate or base member 
(not shown in Fig. 1) which can be an approxhnatdy two inch by one indi piece of 
30 microscope slide (Coming. Inc. #2947). WhUe glass is a piefierred material, otiicr similar 
materials may be used, such as fiiscd rilica, crystalline quartz, fiised quartz, plastics, and 
silicon Gf tii« surfiuM is treated sufficiently to alter its resistivity). Preferably, a non- 
conductive material such as glass or fiised quartz is used to allow re atively lugh electric 
fidds to be applied to decirokineucally transport materials through channels in the 
35 microdup. Scnuconducfing materials such as silicon could also be used, but tiie dectric 
fidd applied would normally need to be kept to a min'mium (approximatdy less than 300 
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volts per cemimecer uang present techniques of pravidiiig iasulatiiig layersX wMdi may 
provide insufBdenl dectroldnetic movement 

The channel pattern 24 is fonncd in a pi snar sutftcc of the substrate using 
standard photolithosraphic procedures followed by chemical wet ctduiig. The channel 
5 pattern may be tiansferTed onto the substrate with a podtive photortrsst (SMpley 1811) 
and an e4>eam written chrome mask (Institute of Advanced ManufiKturing S d cnces» 
Inc.). The pattern m^ be cfacnucally etched usii« HF/NIiF sohition 

After formiqg the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding techni(pie whcrdiy the substrate and the caver plate 
10 surfiices are first hydrolyzed in a jdihite NH^H/HsOs sohition and then joined. The 
assembly is then annealed at Aout SOO^ C in order to insure proper adhcaon of the 
cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affixed to the 
substrate, with portions of the cover plate sandiwched thcrcbetwctai, using epoxy or 
IS other suitable means. The reservoirs can be cylmdrical with open opposte axial ends. 
Typical^, dectrical contact is made \v j&aang a pladnum wire dectrode in each 
reservoirs. The dectrodes are connected to a voltage controller 46 which applies a 
desked potential to select electrodes, m a manner described in more detail below. 

A cross section of the first channel is shown in Figure 2 and is identical to 
20 the cross section ofeachofthe other integrated channds. When using a nonH;ry$ianine 
material (such as glass) for the substrate, and when the channds are chemically wet 
etched, an isotropic etch occurs, the glass ctdies uniformly in all directions, and the 
resulting channd geometry is trapezoidal The traperoidd cross section is due to 
■undercutting" by the chcmicd ctdung process at the edge of the photoresist In one 
25 embodiment, the channd cross secdon of the fflustrated embodiment has dimensions of 
5.2 \m m depth, 57 jun in width at die top and 45 jun in widtli at the bottom. In 
another embodiment, the channd has a depth "d" of lOjun, an u|>pcr width "wl" of 
90|im, and a tower width ^¥2" of 70pm. 

An important aspect of the present invention is the controlled 
30 dectroKnclic transportation of matcrids through the channel system 24. Such 
controlled dectroldnetic transport can be used to dispense a selected amount of matcrid 
from one of the reservoirs through one or more intersections of the channd structure 24. 
Altemativdy. as noted above, sdccted amounts of materials from two reservoirs can be 
transported to an miersection where the materials can be mbccd in dcdrcd 
35 concentrations. 
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Gated Dispenser 

Shown in Figure 3 is a labonuoiy componeot lOA that can be used to 
implement a prafenred method of transporting materials through a channd stnicture 24A. 
The A foDowing eadi number fai Figure 3 indicates that it corresponds to an analogous 
5 element of Figure 1 of the same number mthout the A For smqyfictty, the electrodes 
and the connections to the volume controller that controb the transport of materials 
through the diannd system24A are not shown in Figure 3. 

The microctup labontoiy system lOA shown in Figtirc 3 controls the 
amount of material from the first reservoir 12A transported through tl-e intersection 40A 
10 toward the fourth reservoir 20A by electrokinedcaDy operung and dosing access to the 
intersection 40A from the first channel 26A As such, the laboratory' microchip system 
lOA essentially implements a controlled electroldnetic valve. Such an electroldnetic 
valve can be used as a dispenser to dispense selected volumes of a ^jlc material or as a 
mixer to mix selected vohimes of plural materials in the intersection 40A In general, 
15 dectro-osmosis is used to transport **fluid materials" and dectrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the temi ""materiaT is used broadly to cover any form of material, 
induding fluids and ions. 

The hdioratory system 10 A pro^dcs a continuous urc directional flow of 
20 fluid through the separation channd 34A. TMs iigecuon or dispensing scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth reservoir 20 A to remain at ground potential. This will allow injection and 
sq>aration to be performed with a single pohtrity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 
2S directional arrows indicate the time sequence of the flow profiles at tlie intersection 40A. 
The solid arrows show the mitial flow pattern. Voltages at the vinous reservoirs are 
a^usted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufiBdent rate such that all of the first 
material transported firom reservoir 12A to the imerscctton 40A is pushed toward the 
30 third reservoir 18A. In general^ the potential distribution will be such that the highest 
potential is in the second reservoir 16A, a sli^nly lower potential in the first 
reservoir 12A» and yet a lower potential in the third reservoir UA with the fourth 
reservoir 20A being grounded. Under these conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir 16A. 
35 To dispense material firom the first reservoir 12A through the interseaion 

40A, the potential at the second reservoir 16A can be awitdied to a value less than the 
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potential of the first icscfvoir 12A or the potentiali at reservoirs 16A and/or 18A, can be 
floated momentaiily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primary flow will be from the first reservoir 12A down 
towards the separation channel waste reservoir 20A. The flow from the second and 
S third reservoirs 16A, ISA wiD be stnaU and coidd be in either This condition is 

held long enough to transport a dedted amount of material from the first reservoir 12A 
thrDU^fheimersection40AanduitothesqwBdondumnd34 After sufficient time 
for the desired naterial to pass fhroi^ the intersection 40A, the voltage distribution is 
switched back to the ori|pnal vahies to prevent additional material from the first reservoir 

IQ 12A fivm flowing through the intersection 40A toward the separation channel 34A. 

One application of such a "gated dispenser^ is to inject a controlled, 
variable-^zed plug of analyte from the first reservoir 12A for electrophoretic or 
chromatographic separation in the separation channel 34A. In sudi a system, the fir^t 
reservob 12 A stores analyte. the second reservoir 16A stores an ionic buffer, the third 

IS reservoir ISA is a first waste reservoir and the fi>urth reservoir 20A is a second waste 
reservoir. To inject a small variable phig of ana^e from the first reservoir 12A, the 
potenthds at the buffer and first waste reservoirs 16A» ISA are smply floated fi>r a short 
period of time (« 100 ms) to allow the analyte to migrate down the separation column 
34 A. To break off the irijection plug, the potentials at the buffer res^rvoir 16A and the 

20 first waste reservok ISA are reapplied. Alternatively, the valving sequence could be 
effected by brining reservoirs 16A and ISA to the potential of the inicrsection 40A and 
then returning them to their original potentials. A shortfall of this method is that the 
composition of the iiyected plug has an electrophoretic mobili^ bias whereby the faster 
migrating compounds are introduced preferentially mto die separation column 34 A over 

2S slower migratiiig compounds. 

In Figure 5, a sequential view of a plug of anaiyte triovit^ through the 
. hitersecdon of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system lOA was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or intersecuor is the same as tn 

30 Figure 3. The first image, (AX shows the analyte bang pumped through the injection 
cross or intersection toward the first waste reservoir ISA prior to ihe injectioiL The 
second image, (B), shows the analyte plug being injected mto the separation column 
34A. The third image; (C), depicts the analyte plug mo^ng away fiom the iryection 
bttersection after an injection phig has been completdy introduced into the separation 

3S cdumn 34A. The potentials at the bufler and first waste reservoirs 16A, ISA were 
floated fi)r 100 ms wiule die sample moved into the separation column 34A. By the time 
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ofthe(Q image, the dosed gate mode has resting brthcr analyte fiom moving 
through the intenection 40A into the sqtaration column 34Ap and a dean nyection phig 
with a length of 142 has been mtroduced into the sqiaration cohimn. As (fiscussed 
bdow, the gated injector contributes to only a minor fiaction of the total plate hdght 
5 The injection plug length (volume) is a fiuiction of the time of the injection and the 
dectric fidd strength in the cohmin. The shape of the injected plug is skewed slightly 
because of the directiondity of the deam^ buffer flow. However, for a ^ven injection 
period, the reprodudbifity of the amount bgected. detennined by integraring the peak 
area, is IK RSD for a seriies of 10 lepficate mjectioos. 

10 Electrophoresis experiments were conducted using the microdup 

laboratoiy system lOA of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomuitiplier tube (PMT) tracked fingle point events. The CCD (Princeton 

IS Instruments, Inc. TE/CCD-S12TKM) camera was mounted on a stereo microscope 
(Nikon SMZ-V), and the laboratory system lOA was iUuminated using an argon ion laser 
(S14.S nm. Coherent Innova 90) operating at 3 W wtb the beam expanded to a circular 
spot V 2 cm in diameter. The FMT, wiA collection optics, was vtuated below the 
microchip with the opticd axis perpendicular to the nucrochip surface. The laser was 

20 operated at approximately 20 mW, and the beam impinged upon the microchip a a 45'' 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PNTT observation axis were separated by a 13S° angle. The poir;t detection scheme 
employed a hdium*neon laser (543 nm, PMS Electro-optics LHGP-OOSl) with an 
dectromeier (Kdthl^ 617) to monitor response of the PMT (Orid 77340), The voltage 

25 controller 46 (Spelknan CZE lOOOR) for electrophoresis was operated between 0 and 
+4.4 kV relative to ground. 

The type of gated injector described with respect to Figures 3 and 4 show 
electrophoretic mobility based bias as do conventional dectroosmotic injections. 
Nonethdtss, this approach has «mplici^ m voltage switching requirements and 

30 fiibrication and provides continuous umdirectional flow through the separation channd. 
In addition, the gated injector provides a method for valving a variable volume of fluid 
into the separation charmd 34A m a manner that is precisely controlled by the dectrical 
potentials applied. 

Anotlier application of the gated dispenser lOA is to dihite or mix desired 
3S quantities of nmterials in a controlled manner. To implemcm such a mixing scheme in 
order to mbc the materials from the first and second reservoirs 12A, I6A. the potentials 
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in the first and second chaimds 26A, 30A need to be maintitntd Mgher than the 
potenddoftheiiitefsection40A during nuxiog. Sudi potentials wll cuue the materials 
fnm the fint and aecond rescrroira 12A and 16A to simultaneously move through the 
tntenection 40A and thereby nux the two materials. The potentials applied at the first 
and second leservoirs 12A, 16A can be adjusted as deared to adueve the sdected 
concentration of each material. After dispenAtg the deared amoun'.s of each material, 
die potential at the second rasetvoir 16A miy be increased in a nanner sufSdent to 
prevent finther material from the first Tcservmr 12A finm bang tranHMited 

intersection 40A toward the tlnnl reservoir 30A. 
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Analytelmector 

Shown in Figure 6 is a microclrip analyte mjector lOB according to the 
present invention. The channel pattern 24B has four cBstina channrJs 26B, 30B. 32B. 
and 34B micromachincd into a substrate 49 as discussed above. Each channel has an 
15 accompanying reservoir mounted above the terminus of each channel portion, and all 
fimrGfaanndsinteneaitoneendina&urwayhiterseetioa40D. The opposite ends of 
eadi lection provide tennini that extend jiist beyond the peripheral edge of a cove^ 
47 mounted on the substrate 49. The analyte injector lOB shown in Figure 6 is 
substantially identical to the gated dispenser lOA except that the electrical potentials are 
20 applied in a manner that injects a volume of material from reservoir 16% through the 
intersection 40B rather than fiora the reservoir 12B and the voUmie of material injected 
is controlled by the size ofthe intereecdon. 

The embodiment shown m Figpte 6 can be used for various material 
manipulations. In one appUcation. the laboxaloiy system is used to in ect an analyte fiora 
25 an analyte reservoir 16B through the intersection 40B for separation m the separation 
channel 34B. The analyte injector lOB can be operated in either "load" mode or a "run" 
mode. Reservoir IfiB is suppHed with an analyte and reservoir 12B with buflFer. 
Reservoir 18B acts 8$ an analyte waste reservoir, and reservoir 20B acte as a waste 
reservoir. 

3Q In the "load" mode, at least two types of anal>ie introducUon arc 

possible. In the first, known as a "floating^ loading, a potential is afpUed to the analyte 
reservoir 16B with reservoir 18B grounded. At the same fimc. itservoin 12B and 20B 
are floating, meaning that they are neither coupled to the power sourci;. nor grounded. 

The second load nwde is -pindwd' loading niode, wherein potentials are 

35 simuhaneously applied at reseivous 12B, 16B. and 20B, with reservoir 18B grounded m 
order to control the Injection plug shape as discussed in more dcuiil below. As used 
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her^ simultaiicously controlling electrical potentiils at plural reservoirs that the 
declrodcs are connected to a operating power source at tlte same chemically significant 
tinieperiod. Fbating m reservoir oicans disconnecting the dectrode in the 
the povw source and thus the dectrical potential at the reservoir b not c^ 
S Dithe'^^'mode.aixitenddisappGedtothebuffot'iBservoir 12B with 

reservon* 20B grounded and with reservotfs USB and 18B at apprxi^dmately half of the 
potential of reservoir 12B. During the run mode, the rdativdy high potential appfa'ed to 
the buffer reservoir 12B causes the anatyte in the intersection 40B to move toward the 
waste reservoir 20B in the separatton cokmn 34B. 

10 Diagnostic experiments were performed using rhodamine B and 

sulforhodamine 101 (Exciton Chemical Co., Inc.) as the andyte at 60 for the CCD 
images and 6 ^iM for the point detection. A sodium tetraborate buficr (SO mM, pH 9.2) 
was the mobile phase in the experiments. An injection of spatially well defined small 
volume ( 100 pL) and of small longitudind extent ( » 100 ^m), injection is benefidd 

IS when performing these types of andyscs. 

The andyte is loaded into the iiyectiott crass as a fronta) 
dcctropherognun, and once the front of the dowest analyre component passes throi^ 
the injection cross or intersection 40B. the andyte is ready to be andyzed. In Figure 7« a 
CCD image (the area of wluch is denoted by the broken line square) displays the flow 

20 pattern of the andyte S4 (shaded area) and the buffer (white area) tlirough the region of 
the injection intersection 40B. 

By pinching the flow of the anafyte, the volume of the andyte phig is 
stable over time. The slig^it asymmetry of the plug shape is due to the different dectric 
fidd strengths in the buffer diannd 26B (470 V/cm) and the separation channel 34B 

2S (100 V/cm) when 1.0 kV is applied to the buffer, the andyte and tiie waste reservoirs, 
and the andyte waste reservoir is grounded. However, the different field strengths do 
not influence the stability of the andyte plug tnjeaed. Ideally, when the andyte plug is 
injected into the separation channd 34B« only the andyte in the injection cross or 
mtersection 40B would migrate into the separation channd. 

30 The volume of the injection plug in the injection cross is approximatdy 

120 pL with a plug length of 130 |im. A portion of the analyte 54 ir. the andyte channd 
^ 30B aiui the analyto waste channd 32B is drawn uito the scpaiation channd 34B. 
Following the switch to the separation (run) mode, the volume of the injection phig is 
approximatdy 2S0 pL with a plug length of 208 ^m. These dimeiidons are estimated 

35 from e scries of CCD images taken immediatdy after the switch is made to the 
separation mode. 
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the two modes of loading were tested for the inahr« inteoduciion into 
ihesepanitioQchaiind34B. The indyte was i^aced in the analyte reservoir 16B, aod in 
both iiyectioii schemes was "transported* in the direction of reservtHf 18B, a waste 
reservoir. CCD images of the two ^pes of iigeedons are depicted in Ftguras 8(a)-8(c). 
5 FigureSCa) achematieally ahows the inteisecdon 40B, as well as the end portions of 
duumda. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the nm mode. In the pinched mode^ ana^yie (shown as white 
» ga}H«t thm <hA hackgroumn is pumped electroohoreticaDY and etectfoosmotically from 
10 reservoir IfiB to reservoir ISBGcR to light) with buffer fixjm the t4rffo resent 
(top) and the waste reservoir 20B (bottom) traveliag toward reservcir 18B (right). The 
voltages applied to reservoirs 12B. IdB. 18B» and 2C» were 90%, 90%. 0. and 100%. 
respectively, of the power supply output which correspond to dectric field strengths in 
the corresponding channels of 400, 270, 690 and 20 V/cm, respectively. Afthough the 
15 voltage appfied to the waste reservoir 20B is h«gher than voltage an-pUed to the analytc 
reservoir 18B, the additional ler^ of the separation channel 34B compaxed to the 
analyte channet 30B provides additional eleclriea] resistance, and thus the flow from the 
analyte buffer 15B into the intersection prcdonunates. Consequently, the analyte In the 
injection cross or intersection 40B has a trapczmdal shs4>e and is spatiaDy constricted in 
20 the diannel 32B by tlus material transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pinched ugection except no potsntial is applied to 
reservoirs 12B and 20B. By not controlling the flow of mobile phase (buffer) in channel 
portions 26B and 34B. the analyte is fiee to expand into thes-i channels through 

25 convective and difRiaive flow. therdvfw«*i^'»""^ 

When comparing the pinched and float'mg injections, the pinched injection 
b superior in three areas: temporal stability of the iigected volume, the precision of the 
iiyected volume, and pUig length. When two or more analytes wth vasUy different 
tnobtEties are to be analyzed, an injection with temporal stabiHly insures that equal 

30 volumes of the fester and slower moving analytes are totroduccd into the separation 
column or channel 34B. The high reproducibdity of the injection volume feciUtates the 
ability to perform quantitative analysis. A smaller plug length leads to a higher 
sepandon efficiency and, consequently, to a greater component capacity for a given 

instrument and to higher spMd s«PV>tio"*- 
35 To detenmne the temporal stabaity of each mode, a scries of CCD 

fluorescence images were coUocted at 1.5 second intervals starting just prior to the 
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analytc reaching the injection intencction 40B. An estimate of iha amount of analyte 
that is injected was detennined by integrating the fluoiesoence in the intersection 40B 
end channeb 26B and 34B. This fhiorescenoe is plotted ve4-sus time in Figure 9. 

For the pinched injection, the injected volume stabib/es m a &w seconds 
5 and has 1 stabiliQr of 1% rdative standard deviation (RSD), wKch is comparable to the 
stability of the illuminating laser. For the floating faijection, the amount of analyte to be 
oyected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 2fiB and 34B. For a 30 second injection, the vohime of the 
iniection plug is ca. 90 pL and stable for the pinched injection versus ca. 300 pL and 

10 continuously increasing vath time for a floating mjectioa 

By monitoring the separation dumnel at a point 0.9 cm from the 
intersection 40B, the reprodudbility for the pbched injection node was tested by 
mtcgrating the area of the band profile foUomng introduction into the separation channel 
34B, For sbc injections with a duration of 40 seconds, the reproducibility for the pinched 

IS injection is 0.7% USD. Most of this measured instability js inim the optical 
measurement qrstem. The pindied iiyection has a higher reproducibility because of the 
temporal stabUity of the vohjme iqjected. With decironicaOy controlled vohage 
switching, the RSD is expeacd to improve for both schemes. 

The injection plug width and, ultimately, the resolution between analytes 

20 depends largely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, the width of the channel at the top 
is 90 \m, but a channel width of 10 ^m is feasible which would lead to a decrease m the 
vohime of the injection pkig from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse the flow in 

25 the separation channel as described above for the -pinched" and "floating" irijection 
schemes. Examples of such cases might be the iiijectton of a new sairq)le plug before the 
preceding phig has been completely eluted or the use of a post-column reactor where 
reagent is continuously being injected into the end of the separation cohinut In the latter 
case, ft would in general not be desirable to have the reagent flovMig back up into the 

30 separation channel 

Alternate Awlytg Injeaoc 

Figure 10 illustrates an alternate analyte iiyector syitem IQC having six 
different ports or channels 26C, 30C, 32C, 34C, 56. and 58 respectivdy connected to six 
35 different reservoirs 12C, 16C, ISC, 20C, 60, and 62. The letter C after each dement 
number indicates that the indicated element is analogous to a corresiion^ngly numbered 



19 



10 



demenu of Figure I. The microdiip taboratoiy sfitem IOC is siMflar to laboratoiy 
^sterns 10, lOA, and lOB described pnwiously. ia that an injectuw crou or intersection 
40C is provided. In the Figure 10 embodiment, a second intersection 64 and two 
additional leseivwrs 60 and 62 are also provided to overcome the problems with 
ccversiiig the flow in the separation channeL 

Like the previous enibodunents, the analyte iiqector system IOC can be 
used to implement an analyte sepafation by eleciro|*oresia or chromatogiiphy or 
dispense material into some other processing demenL In the taboratoiy qrstem IOC. the 
Kseivo'u^ 12C comauis separathig buflfcr, reservon- 16C comains the analyte. and 
reservoirs 18C and 20C are waste resetvoira. Imcrsecdon40Cprefe-aMyU operated in 
the pinched mode as in the embodiment shown m Figure 6. The lower intcrsecUon 64, in 
fluid communication whh reservoirs 60 and 62. are used to provide addhional flow so 
that a continuous buffer stream can be directed down towards the uaste reservoir 20C 
■nd. when needed, upwards toward the injection uiterseciion 40C. Keservoir 60 and 
IS Bttadiedchannd 56 are not necessary, ahhough they hnprove performance by reducing 

band broadening as a phig passes the lower Intersection 64. In roeiiy cases, the flow 
fiom leservdr 60 will be symmetric whh that from reservotf 62. 

Figure His an enlarged view of the two intersections 40C and 64. The 
different types of arrows show the flow directions at gwen instances in time for injection 

20 of aphig of analyte into the sepantion channel. The soUd arrows sluw the initial flow 
pattern where the analyte is dectrokinetically pumped into the upp-ir intersection 40C 
and -pinched" by material flow from reservoirs 12C. 60. and 62 toward this same 
intersection. Flow away from the injection mteisection 40C is caned to the analyte 
waste reservoir 18C. The analyte is also flowing from the reservoir 16C to the analyte 

25 waste reservoir 18C. Under diese oondhions, flow from reservoir 60 (and reservoir 62) 
is also going down the separation ehamid 340 to the waste reservoir 20C. Suchaflow 
pattern is created by simultaneously controUtog tiie electrical potentiab at aU six 

TCSCnfOtfB* 

A plug of tiie analyte is injected Uirough tiie injecton intersection 40C 
30 into the separation channel 34C by switching to the flow profde shown by tiie short 

dashed arrows. Buffer flows down from reservoir 12C to ti* inieclion iniersecuon 40C 
wd towards resavoirs 16C. 18C and 20C. Tins flow profile also pushes the analyte 
plug toward waste reservoir 20C too the separation channel 34C m described before. 
ThU flow proflta is hdd for a sufficient length of time so as » move the analyte phig past 
35 d«lowcrinteriection64. Theflowofbuffcrfromre3eivoi«60and62shouldbelowas 

indicated by tiie short arrow and mto tiie separation diannd 34C to rainunize distortion. 
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The distance between the upper and lower intersectians 40C and 64, 
respectivdy. should be as smaD as posable Co miahroze phjg distoition and criticaKty of 
tindng in the iwitdung between the two flow conditions. Electrodes for lensiqg the 
dectfkal potential nuiy also be placed at the lower intersection and i«i the channels S6 
5 and S8 to assist in adjusting the etectrical potentials for pn^ flow control. Accurate 
flow control al the lower intersection 64 be necessary to prevent undesired band 
broadenuig. 

After the sample phig passes the lower intersection, the potentials are 
switched back to the initial conditions to ^ve the original flow proflte as shown with the 

10 long dashed arrows. This flow pattern will allow buflRsr flow into the separation channel 
34C while the next analyte phig is being transported to the phig fontung region in the 
upper intersection 40C. This iigection scheme vnli allow a rapid succession of injections 
to be made and may be very important for samples that are slow to m'grste or if it takes 
a long time to achieve a homogeneous sample at the upper intersection 40C such as with 

IS entangled polymer sohiticns. Tius implementation of the pinched injection also 
maintains uiudtrectional flow through the separation channel as mighi be reqmrcd for a 
post-column reaction as discussed below with respect to Kgure 22. 

Serpentine Channd 

20 Another embodiment of the invention is the modoficd analyte injector 

system lOD shown in Figure 12. The laboratory ^stem lOD shown m Figure 12 is 
substantially identical to the laboratory system lOB shown m Figure 6, except that the 
separation channel 34D foUov^ a serpentine path. The serpentine paih of die sepaiBtion 
channel 34D allows the Icngflj of the separation channel to be greatly increased without 
25 substantially increasing tiie area of tiie substrate 49D needed to inqpfesnem tiie serpentine 
patii. Increasing the length of the separation channd 34D increases the sbitity of the 
laboratory ^tem IQD to distingwsh demenu of an analyte. In one paitictdaily 
preferred embodiment, tite enclosed length (tiut which is covered by tiie cover plate 
49D) of the diannds cxtcr^mg from reservoir IfiD to reservoir 18D is 19 mm, while the 
30 length of channd portion 26D is 6,4 mm and channd 34D is 17 1 mm. The turn radius of 
each turn of tiie channd 34D, which serves as a separation column, is 0.16 mm. 

To perform a separation using the modified analyte injector system lOD, 
an analyte is first loaded imo the injection intersection 40D using one of tiic loading 
mcUiods described above. After tfie analyte has been loaded uito tfie intersection 40D of 
35 the irooDdup laboratory ^tcm 10, tiie voltages arc manually switdcd fiom the loading 
mode to the tun (separation) mode of operation. Figures I3(a>13(e) iUusirate a 
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sqiarition of ihodamineB (less retained) and sulfiKfaodamiac (more rcuincd) the 
fbQowing conditions: Em=400V/cni, E«-150V/cm, bu(R«r= 50 niM sodium 
tetfaborate al pH 9.2. The CO) iouigcs demonstrate the separation iiit>ces8 ^ 
intervals^ vAUt Figure 13(a) showing a schematic of the section of the chip imaged^ and 

S with Figures 13(b>13(e) showing the squration unbUL 

Figure 13(b) again shows the pinched hjection with the applied voltages 
at reservoirs 12D. and 2<3D cqiial and reservoir 18D grounded. Figures I3(c>- 
13(e) shows the plug movit^; away fiom the mtersoction at 1» 2, and 3 seconds, 
respecthidy, after switcMng to the run mode. In Figure 13(cX t>ie injection phig is 

10 migrating around a 90^ turn, and b^nd distortion is viable due to the inner portion of the 
phig traveling less distance than the outer portion. By Figure 13(d u the analytes have 
separated into distinct bands, which are distorted in the shape of a parallelogram. In 
Figure 13(e), the bands are wcD separated and have attained a more rectangular shape 
j.e.. collapsing of the parallelogram^ due to radial cfifilisipn, an additiimal contribution to 

IS efficiency loss. 

When die switch is made fiom the load mode to the run mode, a clean 
break of the injection plug from the analyte stream is desired to avoid tailing. This is 
adiicvcd by pumping the mobile phase or buffer fiom channel 26D into channels 30D, 
32D, and 34D rimultaneously by nuuntaining the potential at the intersoctbn 40D bdow 
20 the potential of rescnroir I2D and above the potentials of reservo'ffs 16D, 18D, and 20D. 

In the representative experiments described herdn. tie intersection 40D 
was mainta'mcd at 66% of the potential of reservoir 12D during tlic run mode. This 
provided sufficient flow of the analyte back away from the injection btersection 40D 
down channels 30D and 32D without decreasing the field strength in the separation 
25 channel 34D significantly. Alternate dumnd designs would aHow a greater fraction of 
the potential applied at reservoir 12D to be dropped across the separation channel 34D. 
thereby improving efiiDency. 

This three way flow is demonstr^ed in Figures 13(c)-13(e) as the 
analytes in channels 30D and 32D Oeft and right, respectively) mov* farther away from 
30 the intersection with tune. Three way flow permits wefl^Wined, reproducible ugections 
with minimal bleed of the analyte into tiie separation channel 34D. 

Petectora 

In most appBcations envisaged bv these integrated microsystems for 
35 chemical analysis or synthesis it wiU be necessary to quantify tiie material present in a 
channd at one or more positions sinular to convcrtional laho-atory measurement 
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processes. Techniques typically utilized for quantification indude, buc are not limited to, 
optical absofbance. refractive index changes, fluorescence emisson, chemihinuncscence, 
various forms of Raman spectroscopy, electrical conductomctdc measurement^ 
dectrochemlcal amperiometric measurements, acoustic wave propagation mcasurcmcnis. 
S Optical absorbence measuremeots are commonly employed with 

eommtional laboratory analysis systems because of the generality of the phenomenon in 
the UV portion of the electromagnetic qiecbum. Optical absorbence is commonly 
deternuned by measuring the attenuation of impinging optical power us it passes through 
a known length of material to be quantified. Ahemative approaches are possible vnth 

10 laser technology including photo acoustic and photo thermal .techniques. Such 
measuremetUs can be utilized with the microchip technology discussed here with the 
additional advantage of potentially integrating optical wave guides on microfabricated 
deWces. The use of solid-state optical sources such as LEDs and diode lasers with and 
without firequenqr conversion dements would be attractive for reducioo of ^tem size. 

15 Integration of solid state optical source and detector technology onto a chip docs not 
presently appear viable but may one day be of interest 

Refiractive index detectors have also been corunonly used for 
quantification of flowing stream chemical analysis systems because of genmlity of the 
phosomenon but have typically been less sensitwe than optical absorption. Laser based 

20 implementations of refraaive index detection could provide adequate sensitivity in some 
situations and have advantages of simplicity. Fluorescence emission (or fluorescence 
detection) is an extremdy sensitive detection techmque and is comnr.only employed for 
the analyas of biological materials. This approadi to detection has much relevance to 
mimature chemical analy»s and syntiiesis devices because of the sensitivity of the 

25 technique and the small volumes that can be manipulated and analyzsd (volumes in the 
picoliter range are feasible). For example, a 100 pL sample vohmite with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected. There are several dcmonstratior«s in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 

30 exdtation source for ultrasensitive measuremcms but conventional li^^t sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used. The 
fluorescence emission can be detected by a photomultipKer tube, photodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 

35 Raman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrationsd infomuition, but with the 
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disadvantage of rdativdy poor scnsitivhy, Sawtivity hts been increased through 
sur&ce eiAanoed Raman ipectioscopy (SERS) effeett but only at the research levd. 
Electrical or electfocheniical detection approaches are also of part4»Ur interest for 
implementation on microchip dewicci due to the ease of integratioa onto a 
MCtofebocatedstnicture and the potentially high aensitivityfliat can be at^^ The 
most general approach to dectifcal quanfificalion is a conductometiie maasuremem, 
a measurement of the conductivity of an kmic sample. The presc tee of an ionized 
inalyte can correspondingly incwMC the conductivity of a fluid and thus allow 
quantification. Amperiometric measurements imply the measurcmem of the current 
through an electrode at a ^ven electrical potential due to the reduction or oxidation of a 
molecule at the electrode. Some selectivity can be obtained by controlling the potential 
of the electrode but His minimal. Amperiometric detection U a less general technique 
than conductivity because not aU molecules can be reduced or oxidized within the limited 
potentials that can be used with common soK-ents. Sensitwities in the I nM range have 
15 been denwnstiated in small volumes (10 nL). TTie other advantage of this technique!^ 
that the mm*er of electrons measured (thfowgh the current) is equal to the nimber of 
molecules present The electrodes required for other ofthesedetecUon methods can be 
included on a microftbricated device through a photoUthographic patterning and metal 
deposiUon process. Electrodes could also be used to initiate a chemilumincscence 
20 detection process. i.e.. an excited Sttte molecule is generated via an oxidation-reduction 
process which then transfen iu energy to an analyte molecule, subsiquently emitting a 

photon that is detected. 

Acoustic measurementt can also he used for quantifcatioii of materials 
but have not been widely used to date. One method that has been usal primarily for gas 
25 phase detection is the attemialten or phase shift of a soffkceacmistie wave (SAVO. 
Adsorption of material to the suiftce of a aubstnte where a SAW is propagating affects 
the propagation characteristics and allows a concentration determination. Sdeciivc 
Kwbenis on the suifiwe of the SAW device are often used. Similar techiuques may be 
usefiil in the devices described herein. 

The mixing capabiTities of the microchip laboratorj- systems described 
herein lend themselves to detection processes that indude the addition of one or more 
reagents Derivatization reactions are commonly used fa biochemical assays. For 
example amino acids, peptides and proteins are commonly labeled with dansylattng 
reagents' or o-phthaldlaldehyde to produce fluorescent molecules that are easily 
35 detectable. Alternatively, an enzyme could be used as. labeling molecule am^ 

im^ding substrate, cmild be added to provide an enzyme amplified detection scheme. 
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the cnqfine produces a detectable product. There aie many exMnples where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
bene& firom integrated mbdqg methods is cheroihmunesccnce detei;tion. In these types 
S of detection soenanoi^ a reagent and a catalyst are mixed with an appropriate target 
molecule to produce an exdted state mokoule that cmiu a detectable photon. 

Ai^lyttgtycking 

To enhance the sensithoty of the microdup laboratory system lOD, an 
10 analyte pre<oncentration can be performed prior to the separaiion. Concentration 
enhancement is a vahiabte tool espedslly when analyzing environmental umples and 
biological materials, two areas targeted by microchip technology. Analyte stacking is a 
comrenient technique to incorporate with dectrophoretic analyses. To employ analyte 
atackiAg, the analyte is prepared in a buffer with a lower conductivhy than tiie separation 
15 buRer. The difference in conduct!^ causes the ions in the anjlyte to stack at the 
beginning or end of the analyte plug, tfaerd^y resulting in a conci;ntrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques indude 
two and three bufifer systems, /.eMtrannentisotachophoreticpreconcentr^ It will be 
evident that the greater the number of solutions involved, the more difficult the injecrion 
20 technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Electroosmotically driven flow enables separation and sample buflkrs to be 
controDed vnthout the use of valves or pun^. Low dead volume connections between 
channds can be easily &bricated enabfiqg fluid manipulation with high predsion. speed 
and reproducibility. 

25 Referring again to Figure 12, the pre-concentration of the analyte is 

performed at the top of the separation diannd 34D using a modir ed gated mjection to 
stack the analyte. First, an analyte plug is mtroduced onto the sqjaration diannd 34D 
ush)g dectroosmotic flow. The analyte plug is then followed by n:ore separation buffer 
firom the buffer reservoir I6D. At this point, the analyte stacks at the boundaries of the 

30 analyte and separation buflTers. Dansylated amino adds were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer plug. Implementation of 
the ana^e staddng is described along with the effects of the stacking on both the 
separation efSdency and detection linuts. 

To employ a gated injection using the microchip lalioratory system lOD, 

35 the analyte is stored in the top reservoir 12D and the bufTifl* is stored in the left reservoir 
16D. The gated injection used for the analyte stacking is performed on an analyte having 
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an ionic strength that ia less than that of the runnii« buffer. BuTTer is tfansportcd by 
dectroosmoas fiom the buflEcr reservoir 16D towards both the analyte waste and waste 
reservoirs 18D« 20D. This buffer stream prevents the ani^ fion bleeding into the 
separation channel 34D. Within a representative embodiment, the t^iative potentials at 
S thebuflBsr, analyte. analyte waste and waste reservoirs are I. 0.9, 0.7 a^ 

For 1 kV appfied to the nucrodiip. the field strengths in the bufliir. analyte. analyte 
waste, and separation channels during the separation are 170, 130, 180, and 120 V/cm, 
respecthrcly. 

To mject the analyte onto the iq»ration charaid 34D. the potential at the 
10 buffer reservoir 16D is floated (opening of the Ugh voltage switch) lor a brief period of 
time (0.1 to 10 s), and analyte migrates into the separation channel. For 1 kV applied to 
the microchip, the fidd strengths in the buffer, sample, sample waste, and separation 
channels during the injection are 0, 240, 120, and 1 10 V/cm. restively. To break off 
the analyte plug, the potential at Uie buffer reservoir 16D is reavplied (closing of a high 
IS voltage switch). The volume of the analyte pli« is a function of the ii^ection time, 
electric fidd strength, and dectrophoretic mobility. 

The sqiaration buffer and analyte compositions can be quite different, yet 
with the gated injections the mlcgrity of botii tiie analyte and buJIbr streams can be 
altcmatdy maOmaincd in the separation channd 34D to pciform tiic stackmg operation. 
20 The analyte stacking depends on tiie relative conductivity of the s^qwration buffer to 
analyte, Y- For example, with a 5 niM separation buffer and a 0.516 mM sample (0.016 
mM dansyl'lysine and 0.5 mM sample bufffer). y is equal to 9.7. Figure 14 shows two 
mjection profaes for didansyWysine injected fi)r 2 s with y equal to 0.97 and 9.7. The 
injeaion profile witii y » 0.97 (the separation and sample buffers are both 5 mM) shows 
25 no staddng. The second profile with y « 9,7 shows a modest enhancement of 3.5 fi>r 
fdative peak hdghU over the injection wiUi y - 0.97. Didansyl4ystne is an aiuon, and 
tims stacks at tiie rear boundary of tiie sample buffer plug. In addition to increasing tiic 
analyte concentration, tiic spatial extent of Ute plug is confined, llie injection profile 
whh y - 9.7 has a widtii at half-hdght of 0.41 s, while the injection profile witii y - 0.97 
30 has a widdi at half-hdght of 1.88 s. The ckx:tric fidd strength m the separation channd 
34D during tiie injection Cmjoction fidd strengdi) is 95% of the dectric fidd strengOi in 
tiie separation channd during tiie separation (separation fidd streni.'tii). These profiles 
are measured while the separation fidd strenigth is applied. For an i-^ection time of 2 s, 
an fagection plug width of 1.9 s is ocpected for y - 0.97. 
35 The concentration enhancement due to stacking was evaluated for several 

sample plug lengtiis and rdative conductivities of the separation buff er and analyte. The 
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enhancement due to stacking increases with increasing relative corductivities^ y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Ahhou^ the enhancement is 
laigest when r« 970, the sq>arttion efficiency suflera due to an dectioosmotic pressure 
oriipnating at Ihe concentration boundary when the relative co^ A 

5 compromise between the stacking enhancemem and separation effidency must be 
reached and y * 10 has been finmd to be optimal For separations peifbrmed vsixtg 
stacked itgections vdth y • 97 and 970, didansyl-iyane and dansyi*isoleudoe could not 
be resohred due to a loss in eSBdency. Also, because the iqectiiin process on the 
ndcrochip is computer controlled, and the cohimn is not ph>'»cally tmnsportcd from vial 

10 to yiai, the reproduobility of the stacked iqections is 2.1% rsd (percett relative standard 
delation) for peak area for 6 rqilicate analyses. For comparisor, the non-$tackcd» 
gated tnjeaion has a 1.4% rsd for peak area for 6 replicate analyses, and the pinched 
injection has a 0.75% rsd for peak area for 6 replicate analyses. These correspond well 
to reported values for large-scale, commerdal, automated capilhiry electrophoreas 

IS instiumcnts. However, injections made on the nucrocMp are « 1()0 times smaller in 
volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instrument 

Tnhle l ! Variatiooorstadung enhancement with relative conductivity, y. 

y Concentration Enhancement 

0.97 I 
9.7 6.5 
97 11.5 
970 13.8 

20 

Buffer streams of difforent conductivities can be acairately comb'med on 
mioodups. Described herdn is a simple stacking method, alUiajgh more daborate 
stacking schemes can be employed by bbricating a microdiip wUh additional bufler 
reservoirs. In addition, tiie leading and tnuling dectrolyte buSm can be sdected to 

25 enhance the sample stacking, and ultnnatdy, to lower Oie detecitoa linrita beyond tiiat 
demonstrated here. It is also noted tiiat much larger cnhancemenu are expected for 
inorganic (demcntaO cations due to the combination of fidd ampUlled analyte injection 
and better matdung of andyte and buffer ion mobilities. 

Regardless of «4icther sample stacking is csed, the smcrodup laboratory 

30 system lOD of Figure 12 can be employed to achieve dectrophorectic separation of an 
andyte composed of rfaodanune B and sulforhodamine. Figure IS a*'e dectropherograms 
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•t U) 3 J cm, (b) 9.9 cm, and (c) 16.5 cm from the point of injection for thodamine B 

(ktt reuiaed) ind wlfiwhoduniae (mote retiined). These were tiken using the 

foUowmg eonditiOBs: injection type was pinched. = SOOV/cm. - "0 W/aa, 

buffer - SO mM Mdiura tetrtboiate it pH 92. To obtain dectropherograms in the 

S oonvenriond manner, angle poim detection with the hefi^ 

used at differwt locations down the axis of the separation dannd 34D. 

An linpoftant tncssuw of the utiBty of t aepantion system is the nuinb 

of plates generated per unit time^ as given by the fonnuh 

10 IW-L/(») 

whercN is the number of theoretical plates, t is the separation tinus, L is the kngih of the 
separation column, and H b the height equivalent to a tlieorcticaJ plate. The plate 
height, H. can be written as 

where A Is the sum of the contiibutionB fiom the ii«ection phig kng Ji and the detector 
path length, B is eqod to 2D« where D. is the difRisioo coefficient for the «ia^ 

buffcr, and u 1$ the linear vdodty of the analyte. 
20 Combining the two equations above and substituting u - jiE where (i is 

the effective elcctrophoretic mobility of the analyte and E is the eli^ fidd strength, 
the plates per unit time can be expressed as a fimction of the electric Held strength: 



N/t»alEJ»/(A^E + B) 



25 



30 



At low decliic field strengths when axial difRiaon is the dominant form 
of band dispersion, the term AjiE is small te^aUve to B and consequcnUy, the mimber of 
plates per second increases with the square of the electric field stiensth. 

As the dectric fidd strength increases, the plate hdght approadies a 
constant vahie. and the plates per unit time increases linearly widi the dectric fidd 
stxcngih because Bis small relative to AJ.E. it b thus advamageous to have A as smaU 

as possible, a benefit of the pinched injection scheme. 

The effidency of the dectrophorectic separation of thodamine B and 
sulfortiodami"" at ten evenly spaced positions was monitored, eadi constituting a 
35 separate eJtperimem. At 16.5 cm from the poim of injection, the effidendes of 
thodamine B and sulforiwdamine are 38.100 and 29,000 -jlates, respectivdy. 
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Efficiencies of this magnitude are aufiSdent ifor many separation applications. The 
linearity of the data provides infbnnation tfMut the untfonnity and quality of the channel 
along its length. If a defect in the channel, e.^.. a large pit. was present , a aharp decrease 
in the efficiency would result; however, none was detected. The eflBdency data are 
5 plotted in Figure 16 (conditions for Figure 16 were the same as for Figtire 15). 

A wralar icpaiation experiment was perfonncd using the microchip 
analyte injector lOB of figure 6. Because of the straight sepaiBtion channel 34B. the 
analyte injector lOB enables ftster separations than are possible using the serpentine 
separation channel 34D of the alternate analyte injector lOD diown in Figure 12. In 
10 addition, the electric fidd strengths used were higher (470 V/cm and 100 V/cm for the 
buffer and separation channds 26B. 343, lespectivdy), which further increased the 
speed of the separations. 

One particular advantage to the planar microchip labo -atory system lOB 
of the present invention is that with laser induced fluorescence the poi « of deteaion can 
15 be placed anywhere along the separation column. The dectrophcrogruns are detected at 
separation lengths of 0.9 mm, 1.6 mm and ll.l mm firom the iisection mtersection 403. 
The 1.6 mm and ll.l mm separation lengths were used over a ranie of dectric fidd 
strengths from 0.06 to 1.5 kV/em. and the separations had basdine resolution over this 
range. At an dectric fidd strength of 1.5 W/cm. the analytcs. rhodaroinc B and 
20 fluorescdn, are resolved in less than 150 ms for the 0.9 mm separatitn length, as shown 
in Figure 17(a). in less than 260 m$ for the 1 .6 mm separation length, as shown in Figure 
17(b). snd m less tiian 1 .6 seconds for tfie 1 1 . 1 mm separation length, as shown in Figure 
17(c). 

Due to the trapemidal geometry of the channels, tiic upper corners make 
25 Hdifficuh to cut the sample plug away predsdy when the potentid! are switdied from 
the sample loading mode to the separation mode. Thus, tlus injection plug has a slight 
ua assodated with it. and this effect probd>ly accounts fior the tdlng observed in tiie 
sqianted peaks. 

In Figure 18, die number of plates per second for the 1.6 nun and 
30 ll.l mm separation lengths arc plotted versus the dectric fidd strwigtii. The number of 
plates per second qutddy becomes a linear fimction of tiie dectric field strength, because 
tiie phite height approaches a constam vdue. The symbob in Figi.re IS represent die 
experimentd data coUected fbr the two andytes at tiie 1.6 mm and I l.l mm separation 
lengths. The Bncs are calculated usmg the previously-stated equation and the 
35 coeffidents are experimentally determined. A slight deviation ir. seen between tiie 
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^PcpcrimenUl d«a «d the caloM nuntos. for rtUHtamine B « the li;in«n 
sepaiation kngih. ThU b primarily due to 

Rlc ctt«)diroip «top«D!M .... . ^ . 

5 A probten whh decHophoresU for paicnd ««aly« « inability to 

sepaoteuncharscd species. AU neutral spedes in . piutioJ« «m,.te^l«« «w 
electrophoiciic nubility, «id thus. ti« .ame mi^ The microdttp «idyte 
injector lOD shown m Rgure 12 c«. also be used to perform decitochmmatograplv to 
«pa«e non^onic ««lytei To perfbnn luch dectfochro«««n|*y. the ««fcce of the 

10 «paf«ionchannd34D was prepared l»ycheinkdlybo«l.«g.n^^^ 

U»e «ato of the sepai«ioo channd after bonding the cover phte to the sutetn^^ 

emiose the channels. The separation channel was treated vrith 1 M sodium hydroxide 
««1 then rinsed with water. The «spamtion channel was dried at 12S-C for 24 hours 
while purging with helwm at a g«ige pressure of approxintt^y 50 kPa. A25%(w^|0 
15 «,ktionofchlorodimethyloctaldecylsilanc(ODS.Aldrich)intohK«.«^ 

separation channdwhh an over pn«uie of helhim.t.ppfoximal«lyM TheODS/ 
toluene nuxture was pumped continuously into the cotamn throutOu^ the 18 ho«x 
««a.on period at 12S-C. The channels «tt rinsed with toluei« and then with 
acttonitrile to remove the umeacted ODS. The laboratonr system lOD w« us«i to 
20 perform elcctrochromatography «. an analytes composed of coumarin 440 (C440X 
coumarin 450 (C450) and coumarin 460 (C460; Exdton Chemical Co.. Inc.) at 10 pM 
for the direct fluorescem measuremenu of the sepanuions and UiM for the «d«^ 
fluorescent measurements of the void time. A sodium tetraborate buffer (10 mM. pH 
92)with25%(v/v)acetonitrilewa8thebuffer. 
25 Ti«a«dyte mjectorlOD was openrtcd under a pinched analyteloadmg 

mode and. .epan«ion(«.n) mode ..described above with n-pect to 
anaMe U loaded into the injection c«»s vU . firontal chiomatograni traveling from the 
walyte reservoir 16D to the analyte waste reservoir 18D. ^ orce the front of the 
slowest analyte p«scs through the injection intersection 40D. the ««.ple « ready to be 
30 andy»d To switch to the separation mode, the applied potentiJs are reconfigured, for 
iJ^by manually throwbg a switch. Af^er switchmg the applied potentials, the 
pri^ flow path for the separation U fWm. the buffer 17D to the j^e 

20D. in order to inject a smaO analyte phig imo the separation ch«mel 34D 
«dtopreventblcedingoftheexce5sa«riyt.m.othescp«t««ch.m«ith^ 
35 theanitewasteieser«ir,16D.18Da«maintained.t57%ofthepot«^ 
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the buffer rnervoir im This method of loading and injecting tte sample is time- 
indqpcndent, noo-tnased and rqwoduciUe. 

In Figure 19. a chromatogram of the coumarins is shown fix a linear 
velocity of 0.6S mnVs. For C440. 1 1700 plates was observed which corresponds to 120 

5 plates/s. The most retained component, C460, has an efficiency nearly an onder of 
magnitude lower than for C440» which was 1290 plates. The undulaing bad^und in 
the chromatograms is due to background fluoftscence firom the Klass substrate and 
shows the power instability of the laser. Tbis, however, did not hart^ the quality of 
the separations or detection. These icsuhs compare qinte weU with conventional 

10 biboratory High Performance LC (HPLQ tedunques in terms of ilate numbers and 
exceed HPLC in speed by a fiictcr of ten. Effidency is decreasii^ ^ith retention &ster 
than would bt predicted by theory. This effect may be due to ovciloading of the 
monolayer stationary or Idnetic effects due to the high speed of the separation. 

IS >ficdlar Electrokinetic Capillary Chromatogaphy 

In the dectrodtfomatogripby experiments discussed above with respect 
to Figure 19, sample components were separated by thdr partitioninij interaction with a 
stationary phase coated on the channd walls. Another method of separating neutiHl 
analytcs is micdlar dectrokinetic capillary diromatograpliy (MECC). MECC is an 
20 operational mode of dectrophoresis in vAich a sur&ctant such as sodium dodecylsulfkte 
(SDS) is added to the buffer in sufiQdent concentration to form micclies in the buffer. In 
a typicd experimentd arrangement, the micelles move much more dowly toward the 
cathode than does the sunrounding bufGcr solution. The partitioiung of solutes between 
the micdles and the surrounding buffer solution provides a separation mechaiusm dmilar 
2S to that of liquid chromatography. 

The idcrodup laboratory lOD of Figure 12 was used to perform on an 
analyte composed of neutral dyes coumarin 440 (C440), coumarin 450 (C4S0)« and 
Goumarin 460 (C460. Exdton Chemicd Co., Inc.). Ind*n;idual stoik sohtuons of eadi 
dye were prepared in methanol, then diluted imo the analysis buff^ before use. The 
30 concentration of each dye was approxnnatdy SO^iM unless in^catcd otherwise. The 
MECC buffer was composed of 10 mM sodhmt borate (pH 9.1X SO mM SDS, and 10% 
(v/v) methanol. The methanol aids in sohibilizmg the coumarin dyes in the aqueous 
buffer ^em and also affects the partitioning of some of the dyes imo the nuceDes. Due 
care must be used in working mtb cotmuiin dyes as the diccnicd, phydcal, and 
35 tO)dcolo9cd properties of these dyes have not been folly mvesugitccj. 
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The miciochip Uboratoty lysten lOD was operaietl in the "pinched 
B^eclion- mode described pnrvioosly. The vohage. wlied to the re«*voin a« .et to 
ehher loading mode or a "lun" («panaion) mode. In the loadbs mode, a fionul 
chromatogram of the aoUiUon in the analyte ie«n«ir l«D is pumped d^hoosmot^Dy 
5 through the toersection and i«o the andyla waste icscrvoirl©^ Voltages appl«d to 
the buto and ^ .«sen«i» ato cause weak flows imo the inti««i^ 

rides,«K!lhenirtotheanalytewa8teicieivoirl«D.mchipianain^ 

the dowesl moving compooert of the «udyte htt passed through th.rmte^ 

At thk point, the analyte phig to the irteisectioa u itpmse^ 

10 wilhnodectroIuneticWas. , ^ « ^ ^i. 

An injection is made by switching the .chip to the -nm mode which 
changes the volt^es applied to the reservoirs such that buffer now fltnvs torn ^ 
reservoir 12D through the intersection 40D into the separation channel 34D toward the 
reservoir 20D. The plug of analyte that was in the •mienectio..40D is swept mto 
15 the separation cham«I m Propoitionatdytewer voltages Me app 

««|«idyte waste reservoirs 16D, 18D to cause a weak flow of buTer ftom the buffer 
res«voirl2D into these dMmnds. These flows ensure that the sariple phig « cleanly 
-broken or torn the analyte stream, and that BO excess ««dyte leaks mto th^ 

channd during the analyds. ^ 
20 nve resulu of theMECC ^ of a mixture of C450. and C460 

art shown hi Figure 20. Tlu: peaks were identified by indWidual ««lyse. of each dye^ 
The migration time stabffity of the flist peak. C440. with changing methanol 
concentration was a strong indicator thai this dye did not partition ..uo the m.<*Ues to a 
significant c«eaL Theitfere it was considered ». eleciroosmoiic flow marker with 
25 X«i<«ti«etO. Thel..tpeak.C460.was.ssumedtobeamartcerfor^ 

nu^timctm. Using these values of tO tm from the daU « F«ure^^ 
eal^ dution range. tO/tm. is 0.43. m agrees well with a litc.«ure vah« of tOAm 
-04 for a similar buffer system, and supports our assumption. These n«Itt compare 
wen with conventional MECC performed in capillaries and also show, some adv«it^ 
30 overthedectrod«matographye.perimemde«:ribedd^ 

vnthrtentionmtio. Further «h«mt.ges of this q.ptoach to sepmaimg neutrd spcoes « 
that no sur&ce modification of the wafls is necessary and that thi stationary phase » 
contiimously refreshed during experiments. 
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InorffMiieton Analvris 

Another laboratory analysis that can be performed on either the 
laboratoiy ^em lOB of Figure 6 or the laboratory system lOD of Figure 12 is 
inorganic ion analyns. Uang the laboratofy system lOB of Figuie 6, inorganic ion 
5 analysis was perfonned on metal ions complcxed with S^hydroxyi^uinofine-S-sulfonic 
add (HQS) which are separated by dectrophoitsis and detected with UV laser induced 
fluorescence. HQS has been wiikly used as a ligandfbr optical determtnadons of m 
ions. The optical properties and ihe sohibiKty of HQS in aqueous media have recently 
been used fisr detection of metal ions sqiarated fay ion chromatoGraphy and capillary 
10 dectrophorests. Because unconiplexed HQS does not fluoresce, eKi:ess ligand is added 
to the buffer to mamtain the complexation equilibria during the separation without 
contributing a large background sgna). This benefits both th*: efSdency of the 
sqsaraUon and detectability of the sample. The compounds used for the experiments arc 
zinc sulfate, cadmium nitrate, and ahmunum nitrate. The buffer is sodhim phosphate (60 
IS mM, pH 6.9) with 8- faydroj^quinoline-S-sulfoiuc acid ^0 mM for all experiments 
except Figure 5; S^gma Chemical Co.). At least SO mM sodium phosphate buffer is 
needed to ifissoWe up to 20 mM HQS. The substrate 49B used was fused quarvi; which 
provides greater ^sibility than glass substrates. 

The floating or pinched analyte loading, as described previously with 
20 respea to Figure 6. is used to transport the analyte to tlie injection intersection 40B. 
With the floating sample loading, the injeaed plug has no dectrophoretic bias, but the 
volume of sample is a fimction of the sample loading time Because the sample loading 
time is mversdy proportional to the field strengtii used, for high tnjixtion field strengths 
a shorter mjection time is used than fiir low injection field strengtiis. For example, for an 
25 injection fidd strei«;th of 630 V/cm (Figure 3a), tiie injection time is 12 s, and for an 
injection fidd strength of S20 V/cm (Figure 3b). the injection time is 14.5 s. Both tiic 
pinched and floating sample loacfir^ can be used with and without suppres»on of the 
decuooanotic flow. 

Figures 21(a) and 21(b) show the separation rf three metal ions 
30 complexed with 8-hydroxyqiunoline-5*sulfonic acid. All three aimplcxes have a net 
negative charge. Witii the dectfoosnu)tic flow mininuzcd by tfte covalent bowfing of 
polyacrylamide to the cbannd walls, n^ive potentials rdative to ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(bX the separation diannd fidd strength is 870 and 720 V/cm. respectively, and the 
35 sqsaration length is 16.S mm. The volume of tiie injection plug is 120 pL which 
corresponds to 16, 7, and 19 finol injected for Zn, Cd, and AI, respectively, for Figure 
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Aa. InFigure^b. 0.48. 0.23. and 0.59 finol of Zn. Cd. «id Al. respcccivdy. are iiqectcd 
ortotheseparatioocoluiim. The vna»itpiodudbViXfciibcmoon^wi 
nd (percent tetalive lundard deviatioii) as newired by peak hieas (6 repBcate 
loalyses). The itabffity of the laser used to ewite the complexes i* «» 1% tad. The 
5 detection linuts are m a raiwe«tousclUI analyses can be perfo^ 

An hernatemteoduplaboiitojy system lOEUahownm Figure The 
fiv^port pattern of bhannda U disposed on a substrate 49E and wfth a cover alv 

10 as in the previously-deiaibed einbodinwrt*- nucrodiip labo atoiy system lOE 
embodiments labricated using standard photoKthogrBphic. wet chimical etching, and 
bonding techniques. A photomask was iabricated by sputtering chrcmc (SO nni) onto a 
glass sBde and ablafrng the channel design into the chrome film via a CAIVCAM User 
ablation system (Resonctics, Inc.). The channel design was then i.-ansfened onto the 

15 substrates using a positive photoresist. The channeb were etched in-o the substrate w a 
dUutcHfTNh^bath. To form the separation channel 34E. a coverptate was bonded to 
the substrate over the etdiedchanneU using a direct bonding technique. Thesuifiices 
were hydrolyzed m dHule NlUaWWi sohxtion, rinsed in ddonizcd. filtered Hi. joined 
and then annealed at SOCC. Cylindrical glass reservoirs were affi>.ed on the substrate 

20 using RTV silicone (made by General Electric). Platinum dectrodci provided electrical 
contact from the vokage controller 46E (Spdlman CZEIOOOR) to the solutions in the 
reservoirs. 

The channel 26E is in one embodiment 2.7 mm in length from the first 
reservoir 12E to the intersection 40E. wWe die cfaamtel 30E is 10 mm. and the third 
25 channel 32E is 6.7 inm. The aeparationchanmd34E is modified to be only 7.0 mm m 
length, due to the addition of a reagert reservoir 22E wWch has a reagent chamid 
ihatcornieeu to the separation diannd34E at a mfadng tee 44E. Tiius.tiic length of tiw 

separation channd 34E U measured from the mterscction 40E to the mixing tee 44E. 
Tte charnid 56 extending from the mixing tee 44E to the waste reservoir 20E is ti« 

30 reaction column or diannd. and in the ilhistrated embodiment this dumnd i» 10.8 mm m 

Icngdi. The lengtii of tiie reagent channd 36E is 1 1.6 mm. 

In a representative example, the Figure 22 embodiment was used to 

separate an andyie and the separation was monhored on-mic«M±ip via fluorescence 

using an argon ion User (351.1 nm. 50mW. (i)herent l««va 90i for exdtation. The 
35 fluorescence »gnd was collected wifl, a photomultiplier tube (PNTT. Orid 77340) for 

poim detection and a darge coupled device (CCD. Princeton Instruments. Inc. 
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TE/Ca>.512Tia^ for iiMging « rcffoo of the iniOTchip 9^^ 
testii«flie apparatus were ihodaniiiie B (Exdton OieniiGal Co, Inc.) aifiiniiic, glycine, 
thicoidne and oi^tlHadialddiydo (Sigma Chemical Co.). A lodiuiii trtiabortte buffisr 
(20 nM, pH 9.2) with 2% (v/v) iMthand and 0.5% (v/v) p-inercaptoethanol was the 
5 buffer in aU teitj. The concenttalions of the amino add, OPA and rhodaraine B 
sohitions were 2inM. 3.7mM, and SOjiM, respecthrdy. Several nii conditions were 
utilized. 

Tlieschenutic view in Figure 23 deoKNUintes one cxavple when 1 Wis 
applied to the entire system. With this voltage conf^gufation, the dcrtric field strengths 
10 in the separation channel 34E (M «>d the reaction channel 36E are 200 and 425 
V/cm, respectively. This allows the coiribining of 1 part separation ufflucnt with 1.125 
pans reagent at the nixing tee 44E. An analyte introduction system $ ach as this, with or 
without posl-coUimn reaction, allows a very rapid cyde time for muhiple analyses. 

The dectiopherograms; (A) and (B) in Figure 2* demonstrate the 
15 separation of two pairs of amino adds. The voltage configuratior is the same as in 
Figure 23. except the total applied vohage is 4 kV wiudi corresponds to an dectric fidd 
strength of 800 V/cm in the separation oohimn and 1.700 V/cm. in the reaction 
column (E-O- The injection thnes were 100 ms for the tests wind! ooirespond to 
estimated injecfion phig lengths of 384. 245. and 225 ^m for arginine. glydne and 
20 threonine, respectively. The injecUon volumes of 102. 65. and 60 pL correspond to 200. 
130. and 120 find mjected for arynme. glydne and threonine, respecUvdy. The point of 
detection is 6.5 mm downstream fi^om the mixing tee which gives a total cohimn length 
of 13.5 iwn for the scpaiauon and reaction. 

The reaction rates of the annno adds with the OPA are moderatdy to, 
25 but not fest enough on the time scale of these expeiimerts. An mcrease in the band 
distortion IS observed because the mobilities of the derivatiaed Gom;iounds are different 
from the pure amino adds. UntU the reaction is complete, the zones of unrcacicd and 
reacted amino add will move at different vdodties causing a broadening of the analyte 
zone. As evidenced in Figure 24. glydne has the greatest discrepan-7 in dectrophoretic 
30 nwbinties between the dcfivatized and un-derivatiasd ammo add. To ensure that the 
excessive band broadening was not a tlmction of the retention time, threonine was also 
tested. Threonine has a slightly longer retention time than the plydne; however the 
broadening is not as extenswe as for glydne. 

To test the effidemy of the microdup in both the separation column and 
35 the reaction column, a fluorescent laser dye. ihodamine B, wcs used as a probe. 
EiSdency measurements cdculaied firom peak widths at hdf hdght were made using the 
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point dftUotion foheme ot diatances of 6 mm and 8 mm firom the tnjc:ctton cross, or 1 iiuii 
upsticam and 1 mm downstream from the iraxihg tee. This providid information on the 
efiecU of the mbdng of the two streams. 

The electric field strengths in the reageiit oohimn and the separation 
S cohmn were aj^proximately equal, and the fidd atrenigth in the reaction cohmm was 
twice that of the separation cohmm. This configuration of the qiplied voltages aUowed 
an appiaximaiely 1:1 volume ratio of derivadziqg reagent and effluent fiom the 
separation column. As the fidd strengths nicreased, the degree of turbulence at the 
n&dng tee increased. At the separitira distance of 6 mm (Imn upstream from the 
10 misdng tee), the plate height as expected as the inverse of the linear vdodty of the 
analyte. At the separation distance of S mm (1 mm upstream fiom the mixing tee), the 
plate haght data decreased as expected as the inverse of the velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the mixing teeX the plate 
height data decreases from 140 V/cm to 280 V/cm to 1400 V/cm* This behavior is 
IS abnormal and demonstrates a band broadening phenomena when two streams of equal 
volumes converge. Thegeometry of theiiuxingtee was notopun^izcdtonfinirniw 
band distortion. Above separation fidd strength of 840 V/cm. the system stabilizes and 
again tiie plate hdg^ht decreases with increasing Bnear vdodty. For - 1400 V/cm, 
the ratio of the plate heights at the 8 mm and 6 mm separation lengths is 1 .22 which is 
20 not an unacceptable loss in efficiency for the separation. 

The intensi^ of the fluorescence signal generated fiom the reaction of 
OPA witii an amino acid was tertcd by continuously pumpmj glycine down flie 
separation channd to mbcwidi the OPA at tiie mbdng tee. Hie fluorescence signal fix)m 
the OPA/amino add reaction was collected u»ng a CCD as ttie product moved 
25 downstream from tiic nixing tee. Again, tiic relative volume rttio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction wtii amino acids of 
4 s. The average residence times of an analyte molecule in tiic vdndim of observation are 
4.68, 2.34, 1.17, and 0.58 s for tiie electric fidd strengths in tfie n-action cohimn (£«.) 
of 240, 480, 960. and 1920 V/cm, respectWdy. The rdati« intensities of the 
30 fluorescence correspond quaUtativdy to tiiis 4 s hdf-time of resuwm. As the fidd 
strength increases in tiie reaction channel, tiie dope and maMmum of tiw intensity of tiic 
fluorescence shifrs fiirtiier downstream because the glycine and OPA are swept away 
from tiie mbdng tee fester with hi^ fidd strengtiis. Idcafly, tiic lAscrved fluorescence 
fiom tiic product would have a step fiinaion of a response fi)llow;ng tiie mixing of tiie 
35 sqsarmtion effluent and derivatiang reagent. However, the kinetics of tiic reaction and a 
fmite rate of mbdng dominated by diffusion prevent tfiis from occuriing. 
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"""^ »he post-sepanttion chaimd re 

sated u»e*on tcWin onier to keepiteantlyte; h^^ j^,,,^ 
«dtt«»»,<d .bavewithrcsp«tongu«3. For the post.«^oa channel reaction^ 
opeaied in . eoai^ 
S »he "alytc was comiiwously iwniprt ih)m ll» 

injectwn mterstttion 4QE toward the analyte Me nservoir 18E Buffer was 
amuHancoualy punned from the buffer reservoir 16E toward the analyte waste «ul 
waste reservoirs 18E. 20E to deflect the analyte «ream and pievem the analytc from 
mignting down the aeparation channel. To inject a small alit.Tiot of analyte, the 

10 POtentiab at the buffer and analyte waste reservoirs 16E.18E are simply floated for 
short period of time HOD ms) to aflow the analyte to «ign«e down the separation 
channel as an analyte injection plug. To break olfthe iiyection plug, the potentials at the 
buffer and analyte waste reservoirs 16E, 18E are reapplied. 

The use of micfomacWned post-cohimn reactors can hnprove the power 

15 of post-separation channel reactions as an analytical tool by miniirizing the vohime of 
the extra-channel plumbmg. especially between the separation and reagent chamiels ME 
36E. This microchip design (R8urc22) was fibricated with modest lengths for th^ 
separation cfaamwl 34E C? mm) and re^t channel 36E (10.8 mn^^) which were more 
thansuffidentforthisdemonstraUon. Longer separation chamiels can be manufactured 

20 onasiinaaraizemicrodupusingaieipentmepathtoperftrmmoredifficultse^ 

as discussed above with respect to Figure 12. To decrease post-mbdng tee band 
distortions, the ratio of the channel dimensions between the separation channel 34E and 
reaction channel 56 should be minimized so that the electric fidd strength in the 
separation channel 34E is huge, /.*.. narrow channel, and in the ruction channel 56 is 

25 small. U.. wide channel 

For capiUaiy separation ^sterns, the small detection w>lume$ can limit the 
number of detection schemes that can be used to extraa information. Fluorescence 
detection remains one of tiie most sensitive detection techmques for capillary 
dcctrophoresU. When uoorporating fluorescence detection faito e s}«em that docs not 

30 have naturally fluorescing analytes. derivatization of the analyte must occur either pre- or 
post-separation. When the fluorescent "Ug" is short lived or the scFatation n hindered 
by pre-separation dcrwatizaiion, post-column addition of derivatizing reagent becomes 
the method of choice. A variety of post-separation reactors have bcB:i demonstrated for 
capillary electrophoresis. However, the ability to construct a post- separation reactor 

35 with extremely kw volume connections to minimize band dUtortion has been difficult. 
The present invention takes the approach of fiibricating a mic.ochip device for 
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dcettophoicde sepintions ^ m hitegfBted post-8ep««ion reaction channel 56 in a 
aingie monoBtWc device enabling extremdy low vohiine exchanges between individual 
channd litncdons. 

S pr^^jj pparation RfiHTtiP" 

Instead of the port^aratioa channd reactor design dijwn m F<B^ 

the nuciochip labomtory ^ lOF Aow« i» Figme 25 inchides a pn^-sepanUion 

channd reactor. The p«^epar.tionchani«li«tor design rf«wn fa Figure 25 is 

to that shown m Ftgure l. .ccept fl»t flie first end second channels 26F. 28F form a 

10 "gOll-POSt" de^ VW* the reaction chamber 42F talher than the design of 
Figure I. The reaction chamber 42F was designed to be wider than the separation 
channel 34F to give lower electric field strengths in the reaction chancer and thus longer 
residence times for the reagents. The reaction chamber is 96 wid« at half-depth and 
6.2 pm deep. Md the separation cham^el 34F is 31 pm wide at half-depth and 6.2 pm 

IS deep. 

The imcrocWp Wboraiory system lOF was used to perform on-hne pre- 
«»«don ch««el coupled with electiophoretic ««dysii of the reaction 

praducu. Here, the re««>r is operated continuously with small aUquots mtreduced 
periodically into the separetion channel 34F using the gated dispeas.:r discussed above 
20 wiflirespeatoFigurelTheoperationofthemicrochipcorisistsofthreedem^^ 
dcrivatization of amino acids with o-phthaldialdehyde (OPA). ni,cc:«>n of the sample 
onto the separation column, and the sep^ation/ detection of the ^^ f^^ 
reactor effluent The compounds used for ti« ocperiments were eiginme (0.48 
glydne(0.58mM).«idOPA(5.1mM;SigmaChendc.lCo.). f 

;^La«1.2.mere.ptoe.h«K,li.«ldedtot»-buer^.s.reduci^ 

derivatization reaction. j nmr 

TotoV:me«ll»««io.th.««vo«l2F.lff.ia=.W.»«'W 

«mulun««.^y gh« <»»lroM volUja .f J HV. .5 HV, HV. .2 HV. »»1 8^ 
ZZ^nsc^ «rf «,« 6o« the «o«. ««>v«r I4F « 
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dectroosmotically pumped into the react'ion dumber 42F with a voliimelric ratio of 
1:1.06. Therefisre, the solutions from the analyte and reagem rcscivras 12F» 14F art 
dihited by a fiictor of « 2. Buffer was mniltaneously punnped by electroosmosis froin 
the buffer reservoir 16F toward the analyte waste and waste rescrvctrs I8F, 20F. This 
S buffer stream prevents the newly finrned product from Ueeding into the separation 
channel 34F. 

Prefenbiy, a gated tigection schemei described above with req)ect to 
Figure 3, is used to inject effluent from the reaction chanriber 42F into the sqNuation 
channel 34F. The potcntia] at the buflGer reservoir I6F ia dniply floated for a brief period 

10 of time (0. 1 to 1.0 s), and sample migrates into the separation channel 34F. To break off 
the injection piug. the potential at the buffer reservoir 16F is rcapp'.ied. The length of 
the tnjecdon plug is a function of both the time of the injection and the electric frdd 
strength. With tiiiS configuration of applied potentiate, the reaction of the amino acids 
with the OPA continuously generates fresh product to be analyzed. 

IS A significant shortconurig of maiiy capillary dectrop*iore^ experiments 

has been the poor rqirodudbiUty of tiie injeaions. Here, because tiie microdup injection 
process Is computer controlled, and the injection process involves the opening of a ^ng]e 
high voltage switch, the injections can be accurately timed events. iMgure 26 shows the 
reprodudbiUty of the amount injected (percent rdative standard deviation, % rsd, for the 

20 integrated areas of tiie peaks) for botii ar^ne and glydne at injection fidd strengths of 
0.6 and 1.2 kV/cm and mjection times ran^g from 0.1 to 1.0 s. For injection times 
greater fhan 0.3 s, the percent relative standard denation is bdow 1.8%. Thi.<s is 
comparable to reported values for commercial, automated capillary dcctrophorens 
instruments. However, injections made on the microchip are « 100 times smaller in 

25 vohune, e.g. 100 pL on the microdup versus 10 nL on a commercial instfumcnL Part of 
tWs fluctuation is due to tiie stability of tiie laser which is 0.6 %. l^or mjection times > 
0.3 s, the error appears to be independent of the compoimd injecied and the injection 
fidd strengtii. 

Figure 27 shows tiie overlay of three dectropho ttic separations of 
30 ar^nine and glydne after on-microchip prc-column derivafization witii OPA with a 
separation fidd strength of 1.8 kV/cm and a separation length of 10 mm The sqparation 
fidd strength is tiie electric fidd strength in the separation chaimd 34F during tiie 
separation. The fidd strengtii in tiie reaction chamber 42F is ISO V/cm. The reaction 
times for the analytes is inversdy rdaied to thdr mobilities, eg., for arg^ninc tiie reaction 
35 time is 4. 1 a and for glycine the reaction time is 8.9 s. The volumes of the injected plugs 
were ISO and 71 pL for arginine and glycine, respectivdy. which correspond to 35 and 
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for tl« r«d»« line i« tto ota«».»~ ^ 

j5 Th«c«ul»*owa>c^«=«M power 

automatioa. ipecd and volume for chemicl reactwni. 

30 
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fbUows a aerpotine path. The sequence for plasmid pBR322 ane the recognition 
wquence Of the enzyme Wnf I are known. After digestioii. detenninatioii of the 
fisgment distribtidon is perfbimed by separating the digestion products using 
deetiophoiesis in a sieving medium fa the separation diannel 34G. For these 
experiments, IvdroxyelhylceOulose is used as the sieving medium. At a fi«d point 
downstfcam in the separation channel 34G. migrating firagmeatt are interrogated using 
on^hip laser induced fluorescence with an intcrealating dye, thiazole orange dimer 

CrOTO-l), as the fluorophore. 

The reaction chamber 42G and separation channel 34G shown in Figure 

29 are 1 and 67 mm loi«. respectivdy. having a width at half-depth of 60 |im and a 
depth of 12 Hm. In addition, the channel walls ate coated with polyacrylaniide to 
minimize elcctroosmoticflow and adsorption. Bcctropherograms a-e generated uswg 
single point detection laser induced fluorescence detection. An argon ion laser (10 mW) 
is focused to a spot onto the chip using a lens (100 mm focal length) The fluorescence 
15 signal is coUected usmg a 21x objective lens (N.A = 0.42), foUowed by spatial filtermg 
(0 6 mm diameter pinhole) and spectral fUteiing (560 mn bandpass. 40 mn bandwidth), 
and measured using a photomuhiplier tube (PMT). The datt acquisition and vohage 
switchingipparatusarecomputercomrolled. The reaction bufe Is 10 mMTris-acctatc. 
10 mMmagneshmi acetate, and 50 mM potassium acetate. The reacuon buffer is placed 
20 in the DNA, enzyme ami waste 1 reservoirs 12G, 14G. 180 shown in Figure 29. The 
separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w^) hydroxycthyl 
cdhllose. The separation buffer is placed in the buffer and waste 2 reservoirs 16F. 20F. 
The concemrations of the plasmid pBR322 and enzyme Mnf I as* 125 ng/jii and 4 
unita^Ml. respectively. The digestions and separations are paformed at room 

25 temperature (20'C). 

The DNA and enzyme are dectrophoredcally loaded mto the reaction 

chamber 42G from thdr respective reservoirs 120. 14G by applicalion of 
electrical potentials. The relative potentials at the DMA (12G). eiryme (14G). buffer 
(16G) waste I (180). and waste 2 (20G) reservoirs aie 10%. 10% 0. 30%. and 100%, 
30 resp«iively. Due to the electrophoretic mobility differences between the DNA and 
enzyme the loading period is made suffidenUy long to reach equilibrium. Also, due to 
the small volume of the reaction chamber 42G. 0.7 nL. r.pid diffii-siomd mbung occurs. 
The dectroosmotic flow u minimized by the covalent immoKlizafion of hnear 
polyacMamide. thus only anions migrate ftom the DNA ind en2yn« reservous I2G. 
35 140 into the reaction dia«d>er42G with the potemialdistriburi^ 

buffer which oontains cations, required for the enzymatic digestions, eg. Mg* . is also 
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placed in the w«el«stfvoir 180. This enables the crtions to propagate mlo the 
reacdon chairiw courteicunem to the IJNA and enzyme dio^ 
reaction chainber. The digestion is petfbitned statkaBy by ttnwving rf^ 
poteniiab after loading the reaction chaniber 420 due to the reUtiw^^^ 

5 ofthe DNA through the reaction chamber. 

Following the digestion period, the productt are migrated mto the 
wparation channel 34F for analyM IV fluting the voltages to 
resen^oirs I6F. I8F. The ir^eciion has a noWUty bias m*ex the smaller firagmenu «e 
idecied in fevor Of the larger fragmenls. In these experiments the injecdon plug length 
10 to the 75- base pair (l)p)lhigmentU estimated to be 034 rnmwherc^ for the 16^^^^ 
ftagmentonly0.22«m. These plug lengths correspond to 34% «.d 22% ofthe reactwn 
ehambcr vohm». respectwdy. The enUre contenu ofthe reaction chamber 42F cannot 
be analyzed under current separation conditions because the contribution ofthe mjecuon 
phtg length to the plate height would be overwheUmng. 
15 Following digestion and hqection onto the separation channel 34F. the 

fragmenu are resolved using 1.0% (w/v) l^droxyethyl ccBulose as the »eving medhmt 
FigureSO shows an dectropherogram of the restriction ftagmarts of the plasmKl 
pBR322fonowing a 2 «in digestion by the enzyme Hinf I. To enri,lc efficient on- 
column itauui«g ofthe doubU^strwuled DNA after digestion but pnor to interrogating 
20 the taterealating dye. TOTCl (1 pM), is placed in the waste 2 re«rvoir 200 only and 
migrates countercuncnt to the DNA As expected, the relative in-ensity of the bands 
iwreascs With Increasing fiagmcnt sire because mons intercaUtion shcs e«st m the ^ 

fragments. The unresolved 220G21 and 507/511-bp fragn««U having high^ mienat,es 
than«Ijaccntsinglefiagmentpedcsduetothebandoveriap. Thereproduc^tyofthe 
25 migration times ««iHectkm volumes «e 0.55 «ul 3.1 %rel«ivc«^ 

(%r8d). respectively, for 5 replicate analyses. 

This demonstration of a microchip li*oratory systcra 100 that po^^ 

plasmid DNA restriction fiagment analysis indicates the possiWUtv of automaung «,d 
mirnatoriring more sophisticated biochemical procedures This ecperiment represent 
30 the most sophisticated hitograted microdup chemical analysis device d^ 

date. The device mixes a reagent whh an analyte.ina&axes the «uJyte/re«ertm^^ 
Wbds the pn,ducts. «vd analyses the producu entiidy under computer control whde 
con«,mmg 10.000 times less material than the typical small vohm« tobonuory 

procedure. ^ ^ be used to mix different fluids 

contamed in different ports or reservoirs. TWs could be used for a 
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1 pvm reservoir. The fidd strength can be calculated firom the apptied voltage and the 
charaderistics of the channel. In addhioiw the resistance or coiidui;taitce of 

the cfaamiete nuut also be known. 

The reMtance of a cfaannd is given by equation 2 where R is the 
S redsca2ice,Kbthere»stivity, Listhelct^hofthechaniidyandAistbecr^ 

area. 



10 Fhiids are usuAiiy characterized by conductance which is just the 

rcdprocal of the resistance as shown in equation 3. In equation K is the electrical 
conductance^ p is the conductivity, A is the cross-sectional area, and L is the length as 
above. 

15 K. ^ (3) 



U«ng ohms law and equations 2 and 3 we can write the fidd strength in a 
given dnnnel. i. in tenns of the voltage drop across that channel divided by its length 
which is equal to the current, I through channel i times the resistivity of that channd 
divided by the cross-secdonal area as shown in equation 4. 

I, *» Ml 



Thus^ if the damd is both dimennonally and eleciricaUy characteiized, 
the voltage drop across the channd or the current through the disnnd can be used to 
detemune the solvent vdodty or flow fate through that chanr.d as,: expressed in 
2S equatbnS. ft ij also noted that fluid flow depends on the reiapciential of the suriace 
and thus on the chcmicd make-ups of the fluid and surface. 
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Obviously the conductivity, or the icdsdvify. p, wiU depend upon the 
duncteristicsoftheiohition which could vny from chm InmuiyCE 
q>pfications the dhancteristtcs of the iHiSer wiD dominBtc the dectrical characteristics of 
the fluid, and thus the conductance wiD be oonstani. In the case of liqmd 
S chromatograpty where solvent progranuning is patomci, the electrical characteristics 
of the two mobile phases could differ concderal^ if a buffer is not used. During a 
sohreni progranuning lun where the mole fraction of tiie mixture is dianging. the 
conductivity of the mixture may change in a nonlinear &ahton but it «nU change 
monotonically from the conductivity of the one neat lolvEnt to tiie other. The actual 
10 variation of the conductance vnth piole fraction depends on the dissodation constant of 
die solvent in addition to the conductivity of the individual ions. 

As described above, the device shown scheniaticaOy in Figure 3 1 could be 
used for performing gradient eluuon liquid chromatograpliy iMth post-cohimn labeling 
for detection purposes, for example. Figure 3 1(a), 3 1(b), and 3 1(c) show the fluid flow 
I S reqiurements for canying out the tadcs involved in a Uquid chromatography experiment 
as mentioned above. The arrows in the figures shovi/ the direction and relanve 
magmtude of the flow in the chanhds. In Figure 31(a), a vohmie of analytc finom the 
analyte reservoir 16 is loaded into the separation mtcrsection 40. To execute a pinched 
injection it b necessary to transport the sam|de from the analyte reservoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition^ to confine the lanalyte 
volume, material from the separation channel 34 and the solvent itservoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the initial conditions for a 
gradient dution experiment. At the beginning of the gradient dution experiment, it is 
2S desirable to prevent die reagent in the reagent reservoir 22 from eotering the separation 
channel 34. To prevent such reagent flow, a snull flcnv of buffer from tiie waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analyte volume is presented at the 
iiyection intersection 40, tiie separation can proceed. 
30 In Figure 31(b). the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through tiic mtcrsection 40 and down Uie separation channel 
34. In addition, the soWcnts flow towards reservoirs 4 and S to make a dean tnjecUon of 
the analyte into the sqiaration channd 34. Appropriate flow of reajent from the reagent 
reservoir 22 is also direaed towards the separation channd. Tt.e initial condition as 
35 shown in Figure 3 1(b) is witii a large mole fraction of solvent I and a small mole fraaion 
of solvent 2. The voltages appfied to tiie solvent reservoirs 12, 14 are changed as a 
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function of time so that the proportions of soWents WAImic changed from a 
dominance ofsohrert I to mostly solvent 2. This is dKW^ Thehtier 
monotonic change in appBed voltage dfcctt the gradient ehitioa Uquid chromatography 
experiment As the isolated components pass the reagent addiaon channd 36. 

5 appropriate reaction can take place between this reagent and the isiilated material to 
fiMtn a detectable q>edes. 

Figure 32 shows bow the voltages to the various reservoirs are changed 
for a hypothetical gradient ehition eicperiment. The voltages shown in this diagram only 
indicate relative magnitudes and not absolute voltages. In the loading mode of 

10 operation, static vohagcs are applied to the vinous reservoirs. Sol\'cnt flow from all 
reseivoirs except the reagent reservoir 22 a towards the analyte ivvte reservoir 18. 
Thus, the analyte reservoir 18 is at the lowest potential and all the other reservoirs are at 
higher potential. The potential at the reagent reservoir should be sufiicientiy below thai 
of the waste reservotf 20 to provide only a slight flow towards the reagent reservoir. 

IS The voltage at the second solvent reservoir 14 should be sufficiently great in magnitude 
to provide a net flow tovwds the mjcction Imcrsection 40. but the flow should be m low 
magnitude. 

In moving to the run (start) mode depicted in Figure 3 1(b). the potentials 
are readjusted as indicated in Figure 32. The flow now is such that tlx sohwait from the 

20 solvents reservoirs 12 and 14 is moving down the separation chani.d 34 towards the 
waste reservoir 20. There is also a slight flow of solvent away from the injection 
intenection 40 towards the analyte and analyte waste reservoirs 16 and 18 and an 
appropriate flow of reagent from the reagent reservoir 22 into the separation channel 34. 
The waste reservoir 20 now needs to be at the nnnimum potential and the first soWert 

25 reservoir 12 at the maximum potential. All other potentials are acSuated to provide tiie 
fluid flow directions and magnitudes as Micated in Figure 31(b). Also, as shown in 
Figure 32. tf»e voltages applied to the sohrent rcservoin 12 and 1 4 are monotonically 
changed to move from the conditions of a large rode fraction of solvent 1 to a large 

mole fraction of sohrcnt 2. 
3Q At the end of tiw solvent programming run, tiie devxe is now ready to 

switch back to the inject condition to load another sample. The voltage variations 
shown in Figure 32 are only to be iUustnitive of what iright be done to provide the 
various fluid flows in Figures 3I(aHc). In an actual enperiment some to the various 
voltages miv wen differ in relative magnitude. 
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While advinUBCOUs anbodiments have bocii chosen to fllustrate the 
invention, it wiU be understood by those skiOed in the an that various changes and 
modifications can be made thcran without departing fiom the scope of the invention as 
defined in the appended daims. 
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Claims 

1. A miciDchip laboratory system for analyzing or synthesmng chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoin, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1 , further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1 , further comprising: 

a first intersection of channels connecting fint, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim S wherdn the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transpoiting the second matmal through the first intersection in a manner that prevents 
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the first material from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
res^oir. 

8. The system of claim S wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously tranqwrts the first and second materials from the first intersection toward the 
second reservoir. 

9* The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. the system of claim 9, further comprising: 

mixing means for mixing material firom the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

11. The system of claim 9 wherein the third channel crosses the second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 1 1 , further comprising: 

means for transporting material fiom the fifth and axth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth res^oir after a selected volume of material from the first 
intersection is transported through the second intersection toward the fourth resenroir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein the material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through the first intersection toward the second reservoir. 

17. The system of chum 16 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
the first material from moving through the first intersection toward tfie second reservoir after a 
selected volume of tfie first material has passed through the first intersection towaid the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms a first intersection with the first channel, and a third 
channel that connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, fiirther comprising: 

mixing ineans for nuxing material from the fifth reservcnrw^ material transported 
from the first intersection toward the fourth reservoir. 

21. The system of claim 19 wherein tfie third charmd crosses the second charmd 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material fxx)m the first intersection is transported through the second intersection toward 
the fourth reservoir. 

24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channd 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference betwera the first reservoir and a third 
reservoir of the four reservoirs in a manner that transports a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, amultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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SEPARATION 
COLUMN 



SUBSTITUTE SHEET (RULE 26) 



4/21 



FIG. 6 




SUB$nTUIESieET(RULE2e) 




FIG. 8(c) 




SUBSnniTE SHEET (RULE 26) 



6/21 



PCTAJ$9SA»492 




SUBSTITUT£SHEETmB26) 



# w 



W096AMS47 PCT/DS9S/09492 

7/21 



FIG. 10 
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FIG. 13(a) 
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FIG. 17(a) 
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FIG. 21(a) 
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FIG. 26 
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FIG. 28 
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